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FOREWORD 


This  report  presents  the  results  of 
investigations  conducted  under  a  Manufacturing 
Methods  and  Technology  Contract  with  the  U.  S. 
Army,  administered  by  Messrs  Harold  Markus  and 
Donald  H.  Kleppinger  at  Frankford  Arsenal,  This 
contract  was  funded  jointly  by  the  Aviation 
Systems  Command  (AVSCOM)  ,  St.  Loxiis;  the  Munitions 
Command  (MUCOM) ,  Dover,  New  Jersey;  and  the 
Production  Equipment  Agency  (PEQUA) ,  Rock  Island, 
Illinois, 


SYNOPSIS 


Wrought  products  from  170-lb  aluminum  alloy  powder 
compacts  have  been  fabricated  and  evaluated  against  three  com¬ 
binations  of  properties.  Product  forms  included  extrusions,  die 
forgings,  hand  forgings,  plate  and  sheet.  Properties  of  interest 
included  strength,  ductility,  fracture  toughness,  stress-corrosion 
cracking  resistance,  exfoliation,  corrosion  resistance,  and  smooth 
and  notched  specimen  fatigue  performance. 


Alloy  MA66  extrusions  met  Target  B  properties: 


Target  B 
Properties 


Measured  Properties 
Al-8.0  Zn-2.5  Mq-1.0  Cu 


Y.3.  -  ksi 
Kjc  -  ksi/in. 
see  -  ksi 
(sustained  stress) 
Fatigue  Limit  -  ksi 
(Kt  =  3,  R  =  0.0) 
Exfoliation 
Elongation  -  % 


Immune 

11 


84.2 
28 
25 

18.5 

Resistant 

11.2 


MA66  and  MA67  extrusions  approached  the  property 
objectives  of  Target  A,  with  the  exceptions  noted: 


Measured  Properties 


Target  A 
Properties 

MA67: 

Al-8.0  Zn-2.5  Mg- 
1.0  Cu-1.6  Co 

MA66: 

Al-8.0  Zn- 
2.5  Mq-1.0  Cu 

95 

95.9 

94.3 

26 

17 

26 

25 

25 

<25 

14 

20 

20 

Resistant 

Resistant 

Resistant 

11 

7.8 

00 

• 

o 

Y.S.  -  ksi  95  95.9  94.3 

Kic  -  ksi/in.  26  17  26 

see  -  ksi  25  25  <25 

(sustained  stress) 

Fatigue  Limit  -  ksi  14  20  20 

(Kt  =  3,  R  =  0.0) 

Exfoliation  Resistant  Resistant  Resistant 

Elongation  -  %  11  7.8  8.0 

Properties  quoted  above  were  obtained  on  materials  which 
were  fabricated  by  the  argon  preheating  method  that  was  optimized 
in  Phase  I.'^  Late  in  Phase  III,  dramatic  improvements  in  longi- 


tudinal  and  transverse  fracture  toughness  (25  and  100%  increases, 
respectively)  were  achieved  by  vacuum  preheating  and  hot  pressing 
(VAC  process)  prior  to  hot  working.  With  the  VAC  process,  a  P/M 
high  purity  Al-8,0  Zn-2.5  Mg-1.0  Cu  alloy  achieved  better  trans¬ 
verse  ductility  and  fracture  toughness  than  ingot  metallurgy  (l/M) 
7050  and  7075  extrusions. 

Fine  (15  pM  APD)  powders  with  irregular  shapes  resulted 
in  better  ductility  and  toughness  in  extrusions  than  medium  (23  pM) 
and  coarse  (50  pM) .  Extrusions  made  from  irregular-shaped,  air 
atomized  powder  were  superior  to  smooth,  regular-shaped  powders 
atomized  with  inert  gases. 

Fine,  irregular-shaped  powders  resulted  in  better  forge¬ 
ability  and  better  properties  in  hand  forgings  (open  die)  than 
coarse  powders.  Transverse  toughness  improved  with  increasing 
amounts  of  hot  reduction.  Forgeability  and  properties  were  improved 
by  preheating  compacts  in  argon  or  nitrogen  instead  of  air. 

Alloy  MA67  achieved  a  superior  combination  of  strength 
and  see  resistance  in  die  forgings,  plate  and  hand  forgings  com¬ 
pared  to  I/M  7050  and  7075  alloys,  while  all  the  P/M  alleys  tested 
were  superior  to  7075.  However,  the  P/M  wrought  products  fabri¬ 
cated  without  vacuum  preheating  and  hot  pressing  were  generally 
inferior  in  fracture  toughness  to  7075. 
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INTRODUCTION 


An  Alcoa  Research  Laboratories  investigation  for  the 
U.S.  Army  completed  in  1966  developed  aluminum  powder  metallurgy 
alloys  having  combinations  of  high  strength  and  resistance  to 
stress-corrosion  cracking  (SCC)  which  were  superior  to  those  of 
conventional  aluminum  alloys.  ^ ^  These  alloys  were  superior  to 
alloy  7075  and  variants  of  7075,  which  had  the  best  combinations 
of  strength  and  stress-corrosion  cracking  resistance  commercially 
available  at  that  time.  In  addition  to  the  alloys  developed,  the 
earlier  study  also  developed  a  process  for  fabricating  P/h'.  (Powder 
Metallurgy)  atomized  alloy  extrusions  which  had  ultrasonic  quality 
at  least  equal  to  that  of  conventional  aerospace  materials. 

The  current  investigation,  proposed  to  the  U.S.  Army  in 
1968,  is  intended  to  scale  up  these  P/m  developments  and  to 
fabricate  and  evaluate  aluminum  P/M  wrought  products.  Phase  I  of 
this  program,  initiated  in  January  1970  and  completed  on  January  20, 
1971,  was  a  process  optimization  study  on  15-20  lb  compacts  that 
defined  some  process  limitations  for  fabricating  high  quality  hand 
forgings  from  inert  gas  preheated  and  hot  pressed  compacts.^ 

Phase  II  of  this  program,  initiated  in  January  1970  and  completed 
on  April  20,  1971,  was  an  alloy  optimization  study  aimed  at 
developing  P/M  ^.'iloy  extrusions  with  superior  combinations  of  high 
strength,  fracture  toughness,  SCC  resistance,  exfoliation  corrosion 
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resistance  and  fatigue  performance  when  compared  to  commercial 
alloys . 

In  Phase  II,  alloys  with  optimum  combinations  of 
properties  met  target  properties  except  as  follows:  Target  A 
(Table  1) ,  all  properties  except  toughness  and  stress-corrosion 
cracking  resistance;  Target  B  (Table  2),  all  properties; 

Target  C  (Table  3),  all  properties  except  fracture  toughness. 

An  alloy  under  study  in  an  Alcoa-funded  development 
had  shown  capability  of  meeting  Target  A  strength  and  stress- 
corrosion  cracking  resistance  targets  (Table  4) ,  but  fracture 
toughness  was  lower  than  the  Target  A  goal.^ 

On  the  basis  of  these  results.  Phase  III  (the  subject 
of  this  final  report)  was  initiated  to  scale  up  to  170-lb  compacts 
and  to  evaluate  wrought  products  made  from  them. 

The  goals  of  Phase  III  were:  (1)  to  evaluate  alloys 
capable  of  meeting  Targets  7\  and  B  in  scaled-up  wrought  products, 
(2)  to  study  factors  affecting  fracture  toughness  in  anticipation 
of  improving  fracture  toughness  for  Targets  A  and  C,  and  (3)  to 
study  processing  factors  expected  to  affect  forgeabili*^y  in  hand 
forging  of  the  scaled-up  compacts.  The  alloy  meeting  Target  B 
property  objectives  (Table  2)  and  the  alloy  with  the  strength  and 
see  requirements  of  Target  A  (Table  4)  were  selected  for  scaled-up 
product  evaluation  in  Phase  III.  A  variation  of  this  latter  alloy 
without  cobalt  was  also  included  to  achieve  improved  fracture 


toughness . 
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Wrought  products  fabricated  from  170-lb  compacts  for 
evaluation  included  extrusions,  die  forgings,  hand  forgings, 
plate  and  sheet.  Discussion  of  fabrication  and  properties  in 
this  report  is  grouped  by  product  in  the  above  order, 

Ihe  report  on  the  study  of  factors  affecting  fracture 
toughness  is  principally  in  the  section  relating  to  extrusions 
because  this  was  the  product  used  for  most  of  this  work.  In 
addition,  some  of  the  fabricating  variations  studied  in  forge¬ 
ability  of  hand  forgings  affected  fracture  toughness,  and  this 
information  is  presented  in  the  section  devoted  to  hand  forgings. 

The  discussion  on  forgeability  vs  processing  is  dis¬ 
cussed  under  hand  forgings,  the  test  vehicle  in  this  study. 

Since  new  commercially  available  alloys  7050  and  7049 
with  superior  strength  and  stress-corrosion  cracking  resistance 
compared  to  7075  alloy  have  become  available  recently,  comparisons 
between  the  P/M  wrought  products  and  7050  and  7049  alloys  will  be 
included  where  published  information  exists  on  comparable  product 
forms . 

Following  these  product-related  discussions,  a  summary 
of  conclusions  is  presented. 

A  glossary  of  terms  and  abbreviations  is  appended  to 
decode  abbreviations  and  captions  used  in  this  report. 


i 


OBJECTIVES 


The  purpose  of  Phase  III  of  Lhis  investigation  was  to 
optimize  fabricating  processes,  alloys  and  tempers  to  achieve 
combinations  of  properties  shown  below: 


Property 

Combination 

A 

Combination 

B 

Combination 

C 

Yield  Strength  -  ksi 

95 

85 

75 

-  ksi/in. 

26 

26 

45 

Exfoliation 

High  Resistance 

Immune 

Immune 

see  Threshold 

Stress  -  ksi 

Fatigue  Endurance  Limit  -  ksi 
Notched  Axial  Stress 

25 

25 

42 

(Kt  =  3,  R  =  0.0) 

14 

14 

16 

Smooth  Rotating  Beam 

22 

22 

22 

Elongation  -  % 

11 

11 

11 

The  above  targets  are  averages  or  typicals  for  extrusions. 
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PRODUCTION  AND  EVALUATION  OF 
ALUMINUM  P/M  WROUGHT  PRODUCTS 

I»  Extrusions 

A.  Properties  of  Extrusions  from  170-lb  Compacts 

1.  Material  Preparation.  Extruded  bar  in  an  octagonal 
section  shown  in  Figure  1  and  a  1/2"  thick  x  6-3/8"  wide  bar  were 
fabricated  for  the  P/M  extrusion  evaluation  as  follows: 

Hot  pressed  compacts  were  prepared  from  atomized  alloys 
MA65,  MA66,  MA83,  and  MA67  (see  Table  5)  by  the  procedure  outlined 
in  Table  6  using  specific  conditions  for  each  compact  listed  in 
Table  7.  These  hot  pressed  compacts  were  scalped  to  7,25"  diameter 
and  cut  in  two  to  yield  two  pieces,  each  12.5"  long.  Billets  from 
the  ram  end  of  the  hot  pressed  compact  (see  Figure  2)  were  extruded 
to  the  1/2"  thick  x  6-3/8"  wide  bar,  while  billets  from  the  blind 
die  end  of  the  same  hot  pressed  compacts  were  extruded  to  the 
octagonal  bar  (Figure  1)  using  extrusion  conditions  shown  in 
Table  10. 

Sections  of  production  D.C.  (direct  chill)  cast  9" 
diameter  7001  and  7178  and  ll"  diameter  7075  ingot  were  scalped  to 
7.25"  diameter  and  extruded  to  the  octagonal  bar  and  to  the  1/2"  x 
6-3/8"  bar  along  with  the  P/m  billets  using  extrusion  conditions 
in  Table  10. 

The  extrusion  conditions  shown  in  Table  10  revealed 


lower  extrusion  breakout  pressure  for  the  P/M  extrusions  when 


compared  to  the  same  section  extruded  v/ith  i/m  (Ii.jot  Metallurgy) 
7XXX  alloys. 

These  extrusions  were  heat  treated  and  aged  as  shown  in 
Tables  11,  12  and  13.  The  rate  of  change  of  longitudinal  yield 

strength  (LYS)  with  second-step  aging  time  at  325  F  was  determined 

f 

i  from  data  in  Table  11  to  provide  a  basis  for  estimating  the  aging 

I 

I  conditions  necessary  to  achieve  the  target  yield  strengths  for  the 

I  extruded  P/M  products  - 

’i 

I  Sections  of  extruded  octagonal  bar  and  1/2"  x  6-3/8"  bar 

I  were  second-step  aged  as  shown  in  Tables  12  and  13,  respectively. 

I 

I  The  octagonal  extrusions  were  sampled  as  shown  in  Figure  1  for 

p 

i  tensile  and  notched  tensile  properties;  stress-corrosion  cracking 

I  tests  of  transverse  tensile  bars  exposed  in  3.5%  NaCl  solution  by 

5 

I  alternate  immersion  per  Federal  Test  Method  823  (hereafter 

referred  to  as  "A.I„"),  and  in  inland  industrial  atmosphere  at 
New  Kensington,  Pennsylvania;  and  axial  stress  fatigue  tests  v/ith 
stress  ratio  (R)  “0.0  using  smooth  specimens  and  notched  (K^  =  3) 
specimens.  The  1/2"  x  6-3/8"  specimens  were  sampled  as  shown  in 
Figure  3  for  tensile  and  Kahn-type  tear"  tests  and  for  exfoliation 
panels  machined  to  expose  midplane  and  10%  of  thickness  planes  to 
the  ExCO"  accelerated  exfoliation  corrosion  test.® 

2 .  Results  and  Discussion. 

a.  Tensile  Properties.  The  effect  of  second-step 
aging  at  325  F  on  longitudinal  tensile  properties  of  octagonal 
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extrusions  is  shown  in  Table  11  and  Figure  5.  Alloys  MA66  and 
MA67  were  capable  of  higher  strength  than  MA65,  but  both  show  a 
more  marked  decrease  in  strength  with  increasing  second-step 
aging  time  at  325  F- 

Tensile  and  notched  tensile  properties  of  octagonal 
extruded  bar  and  tensile  and  tear  properties  of  1/2"  x  6-3/8" 
extruded  bar  are  shown  in  Tables  12  ard  13,  respectively,  along 
with  properties  cf  l/M  7001,  7178,  and  7075  in  these  same  extruded 
sections.  The  p/m  extrusions  were  aged  to  meet  the  strength  target 
objectives  and  to  match  or  exceed  the  strength  of  the  commercial 
i/m  extrusion  alloys. 

b.  Toughness.  The  fracture  toughness  (notched 
tensile  strength/yield  strength  (NTS/YS)  or  tear  strength/yield 
strength  (TrS/YS))  was  a  function  of  yield  strength  level,  as  shov?n 
in  Figures  6-9.  Thus,  the  fracture  toughness  rating  of  the  various 
alloy  extrusions  must  be  weighted  for  >ield  strength. 

Relative  to  the  fracture  toughness  targets  stated  in  the 
objectives.  Targets  a  and  B  required  i  longitudinal  NTS/YS  of  1.25 
to  approximate  a  of  26  ksi.''in.,  s  shown  in  Figure  10  (from 
Ref.  5) .  Alloys  MA66  and  Ma65  met  t  nese  objectives  for  Targets  A 
and  B  (Figure  6)  ,  while  MA67  achieved  the  equivalent  of  a  = 

17.5  ksi/in.  None  of  the  alloy-tempers  tested  achieved  the 
fracture  toughness  equivalent  to  Target  C  (Kj^,  =  45  ksi/in.). 
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All  of  the  Al-Zn-Mg-Cu  alloys  (without  Co)  achieved  a 
somewhat  higher  longitudinal  fracture  toughness  to  YS  relation¬ 
ship  compared  to  the  1.6  Co  alloy  (Figures  6  and  8).  The  com¬ 
parison  of  fine  and  coarse  powders  shown  in  Figures  6  and  8  did 
not  show  a  conclusive  effect  of  powder  size  on  toughness.  This 
effect  will  be  explored  in  detail  in  Section  IB2c,  page  j9.  The 
effect  of  1.6%  Co  in  MA67  compared  to  MA66  clearly  decreased  the 
fracture  toughness. 

In  transverse  NTS/YS  (Figure  6)  or  transverse  TrS/YS 
(Figure  8) ,  powder  size  had  no  apparent  effect  in  these  extrusions 
Comparing  the  P/m  extrusions  to  i/m  7075,  7178,  or  7001 
showed  MA65  and  Ma66  to  have  longitudinal  NTS/YS  equal  to  the  l/.M 
alloys  (Figure  7) ,  and  MA65,  MA66  and  Ma67  to  have  longitudinal 
TrS/YS  equal  to  the  I/m  alloys  (Figure  9) .  However,  in  transverse 
NTS/YS  (Figure  7)  or  long  transverse  TrS/YS  (Figure  9)  the  I/M 
extrusions  had  generally  higher  fracture  toughness,  although  the 
toughness  advantage  of  i/m  extrusions  decreased  as  yield  strength 
increased.  Experiments  to  improve  fracture  toughness  will  be 
discussed  in  detail  in  a  following  section,  along  with  an  experi¬ 
mentally  verified  procedure  to  markedly  improve  fracture  toughness 
c.  Stress-Corrosion  cracking.  The  3.5%  NaCl 
solution  alternate  immersion  SCC  test  results  of  transverse 
tensile  bars  from  octagonal  extrusions  are  shown  in  Table  14. 


Performance  of  the  various  alloy  extrusions  was  dependent  on  time 
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in  test,  on  strength,  on  aging  at  325  F,  and  on  applied  stress,  as 
shown  in  Figures  11  and  12.  While  30-day  exposure  results  are 
frequently  used  f  .  specification  tests,  84-day  exposure  results 
are  better  indicators  of  long-time  atmospheric  SCC  performance. 

Note  that  even  the  84-day  test  does  not  always  accurately  indicate 
long-time  atmospheric  exposure  results.  These  later  results  are 
required  to  complete  the  SCC  evaluation. 

Relative  to  the  property  targets  stated  in  the  Objectives, 
MA67  achieved  the  SCC  objective  of  Target  A  (95  ksi  LYS,  25  ksi 
sustained  stress)  ,  while  MA66  achieved  tlie  SCC  objective  of  Target  B 
(85  ksi  LYS,  25  ksi  sustained  stress),  as  shown  in  Table  14.  MA67 
would  be  expected  to  exceed  the  Target  B  SCC  objective  if  aged  to 
85  ksi  LYS.  None  of  the  extrusions  tested  at  Target  C  (LYS  of 
75  ksi)  achieved  the  SCC  objective,  including  l/M  7075.  Fine 
powder  MA65,  I/M  7075  and  i/m  7178  came  closest,  sustaining  35  ksi, 
35  ksi,  and  30  ksi  stress,  respectively,  without  failure  in  the 

84- day  test  (tempers  with  <70. 5  ksi  TYS,  Figures  12a  and  b) .  As 
shown  in  Figure  11,  these  latter  three  materials  passed  30  days  in 
A. I.  at  up  to  45  ksi  sustained  stress,  but  did  net  complete  84  days 
in  A. I.  at  the  higher  sustained  stresses  tested  (Table  14). 

Relative  to  the  I/m  alloys  tested,  MA67  achieved  superior 
strength  at  25  ksi  sustained  stress,  with  fine  powder  MA67  at 

85- 87  ksi  TYS  (transverse  yield  strength)  clearly  superior  to 
7001-T6  (Figure  12) .  MA66  at  74  ksi  TYS  was  superior  to  7178-T6 
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at  the  same  yield  strength  at  25  ksi  sustained  stress  (Figure  12) , 
with  clear  superiority  after  30  days  A. I.  (Figure  11)  at  up  to 
40  ksi  applied  stress. 

Alloy  MA65  extrusions  from  Phase  II  aged  to  meet  Targets 
B  or  C  have  not  developed  SCC  failures  in  New  Kensington  atmosphere 
tests  (17  months  completed  in  a  48-month  test)  at  42  ksi  stress  at 
85  or  75  ksi  LYS  (Table  1,  Appendix). 

In  six  months  exposure  in  New  Kensington  industrial 
atmosphere  SCC  tests,  no  failures  have  developed  in  specimens  from 
the  Phase  III  extrusions  at  sustained  stresses  up  to  45  ksi  (Table  2, 
Appendix).  These  tests  v/ill  continue  through  4  years  exposure. 

The  beneficial  effect  of  C02AI9  and  FeNiAlg  on  the 

stress-corrosion  resistance  of  Al-Zn-Mg-Cu  P/M  alloys  has  been 
knovm  for  some  time.  The  reasons  for  the  effect  are  not  yet 

known.  C02AI9  and  FeNiAlg  are  very  similar  compounds  and  the 
discussion  which  follows  uses  the  former  for  illustration. 

The  compounds  appear  as  small  (less  than  2  mM)  rounded 
particles  as  illustrated  in  Figures  13a  and  b.  The  size  and 
spacing  of  particles  in  the  final  v/rought  product  depends  on 
dendrite  arm  spacing  (j..e,,  solidification  rate)  in  the  powder  and 
on  fabricating  history.  The  particles  are  not  particularly 
associated  with  grain  and  subgrain  boundaries,  occurring  both  at 


and  away  from  boundaries 
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In  transmission  electron  micrographs,  COgAlg  appears  as 
dark  eliptical  particles  which  are  significantly  larger  than  the 
grain  boundary  precipitate  (M-phase)  and  the  precipitate  free 
zones  adjacent  to  grain  boundaries  (Figure  14) . 

This  CO3AI9  is  about  400  millivolts  cathodic  to  the 
matrix  (0.1  N  calomel  scale).  This  suggests  that  when  a  stress- 
corrosion  crack  proceeding  along  a  grain  boundary  hits  a  COsAlg 
particle,  the  particle-matrix  interface  becomes  the  preferred  site 
for  corrosion,  with  the  matrix  corroding.  Corrosion  around  the 
particle  could  effectively  blunt  the  intergranular  corrosion  crack 
tip  as  shown  schematically  in  Figure  15a,  reducing  the  stress 
concentration  at  the  crack  tip  and  slowing  or  stopping  the  SCC 
crack.  Figures  15b  and  15c  show  metallographic  evidence  of  this 
stress-corrosion  crack  blunting  at  an  intermetallic  particle  in 
an  aI-9.7  zn-4.1  Mg-0.8  Cu-1.4  Co  alloy  extrusion  transverse 
tensile  bar  exposed  in  New  Kensington  atmosphere  for  over  four 
years  with  25  ksi  sustained  stress.^ 

In  such  a  mechanism,  the  interparticle  spacing  of 
COgAlg  along  grain  boundaries  would  be  an  important  factor  in 
prolonging  SCC  failure  times,  and  performance  would  be  enhanced 
by  decreasing  spacing.  Interparticle  spacing  decreases  with 
decreasing  powder  size,  and  it  was  observed  that  fine  powder  gave 
better  SCC  performance  than  coarse  powder  (Figure  12c) . 


Another  possible  reason  for  the  beneficial  effect  of 


Co^Ala  is  that  it  may  catalyze  the  reaction  of  atomic  hydrogen 
formed  at  the  corrosion  crack  tip  to  molecular  hydrogen  and  pre¬ 
vent  the  diffusion  of  hydrogen  along  the  grain  boundary.  Direct 
evidence  of  this  catalysis  has  been  observed  in  the  following 
experiment.  When  a  massive  piece  of  the  COgAlg  compound  was 
embedded  in  7075  sheet  and  the  couple  was  exposed  to  a  heated 
Nad  solution,  it  was  observed  that  a  gas,  presumably  hydrogen, 
was  evolved  from  the  interface  between  the  Co^Alo  and  the  7075. 

It  was  also  observed  that  the  Co-free  MA66  alloy 
extrusion  exhibited  long,  straight  longitudinal  boundaries 
(Figure  13c)  compared  to  the  co-bearing  P/M  MA67  alloy  (Figure  13b) . 
The  increased  irregularity  of  intergranular  paths  in  the  Co-bearing 
MA67  may  ennance  SCC  resistance  by  increasing  the  time  necessary  to 
corrode  to  the  intergranular  stress-corrosion  crack-path-length 
required  for  specimen  fracture. 

d.  Fatigue .  Although  it  is  impossible  to  reach 
firm  conclusions  on  fatigue  characteristics  from  the  limited  data 
available,  results  to  date  are  encouraging.  All  of  the  P/M  alloys 
tested  at  95  ksi  and  85  ksi  LYS  exceeded  the  axial  stress  fatigue 
performance  required  in  the  Objectives  section  for  Targets  A  and 
B  (endurance  limit  of  14  ksi  maximum  stress  for  a  =  3  notch  and 
stress  ratio  (R)  =  0.0),  as  shown  in  Table  15.  Further,  P/m 
MA66  and  MA67  at  95  ksi  LYS  exceeded  the  notched  fatigue  per- 
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formance  of  the  control  l/M  7001-T6  at  all  stresses  tested 
(Figure  16)  .  Near  the  endurance  limit,  these  P/m  alloys  exceeded 
the  maximum  stress  to  failure  of  commercial  7075-T6510  extrusions 
by  40%. 

p/m  MA65  at  87  ksi  LYS  developed  slightly  superior 
notched  specimen  fatigue  performance  relative  to  the  control  I/M 
7075-T6  at  87  ksi  LYS  (Figure  17) ,  with  the  control  7075-T6  nearly 
matching  the  commercial  7075-T6510  fatigue  performance. 

In  axial  stress  fatigue  tests  for  smooth  specimens,  at 
stress  ratio  (R)  =  0.0,  P/M  MA66  and  MA67  at  95  ksi  LYS  showed 
superior  fatigue  life  compared  to  l/M  7001-T6  (Figure  18,  Table  16) . 
This  superior  P/M  alloy  fatigue  performance  was  evident  in  spite  of 
the  occurrence  of  fretting-i nit iated  specimen  failures  in  the 
specimen  grips  for  a  large  number  of  the  P/M  specimens. 

comparing  P/m  MA65-t6  and  the  control  i/m  7075-T6,  both 
at  87  ksi  LYS  (Figure  19) ,  the  P/m  alloy  showed  superior  smooth 
specimen  fatigue  performance  over  the  ingot  alloy,  in  spite  of 
the  occurrence  of  fretting-initiated  grip  failures  which  tended  to 
shorten  specimen  life  in  MA65. 

e.  Exfoliation.  In  accelerated  ExCO  exfoliation 
corrosion  tests,  the  P/M  1/2"  x  6-3/8"  extruded  bar  showed  high 
resistance  to  this  type  of  corrosion  attack  regardless  of  strength. 
Relative  to  the  target  exfoliation  corrosion  resistance  stated  in 
the  Objectives,  the  P/M  extrusions  readily  met  the  requirements 
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for  high  exfoliation  resistance,  regardless  of  strength  (Figure  20) 
The  vigorous  general  corrosion  attack  in  the  ExCO  test  precluded 
determination  of  immunity  to  exfoliation  corrosion.  This  determi¬ 
nation  awaits  the  exposure  of  similar  test  panels  in  a  seacoast 
environment. 

i/m  extrusions  in  the  T6  temper  developed  varying  degrees 
of  exfoliation,  as  shown  in  Figure  21,  with  7001-T6  clearly  showing 
the  results  of  low  resistance  to  exfoliation  corrosion  (shown  as  a 
visible  lifting  of  the  surface  grains).  Further  aging  at  325  F 
improved  the  exfoliation  corrosion  resistance  of  7178  and  7075  at 
a  considerable  sacrifice  in  strength  (Figure  20) . 

In  the  p/m  extrusions.  Figure  22  shows  that  only  pitting 
corrosion  resulted  from  the  ExCO  exposure,  with  near-surface 
samples  from  fine  powder  extrusions  of  MA65  and  MA66  being  somewhat 
resistant  even  to  pitting  attack.  Aging  at  325  F  did  not  change 
the  exfoliation  corrosion  resistance  of  the  P/M  extrusions,  nor 
did  reducing  Fe  and  Si  (Table  17) .  However,  reducing  Fe  and  Si 
did  somewhat  reduce  the  extent  of  pitting  in  this  test,  particular! 
with  samples  aged  at  325  F. 

The  high  exfoliation  resistance  of  the  P/m  extrusions 
can  be  related  to  the  fragmented  (fine  powder)  or  recrystallized 
(coarse  powder)  structure  of  the  P/M  extrusions  (Figures  23a  and 
b,  respectively)  providing  short  longitudinal  grain  boundary 
segments  between  intersecting  transverse  grain  boundaries.  The 
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I/M  7075  extrusion  (Figure  23c)  shows  the  fibrous  elongated 
structure  developed  in  I/m  extrusions  that  results  in  under leaf¬ 
ing  corrosion  and  lifting  of  grains  because  of  long  continuous 
path  for  intergranular  corrosion  in  the  longitudinal  direction. 

3 .  Conclusions . 

a.  Alloy  Ma66  in  extrusions  achieved  the  strength, 
ductility,  fracture  toughness,  resistance  to  stress-corrosion 
cracking,  and  exfoliation  resistance  required  for  the  Target  B 
combination  of  properties  at  85  ksi  LYS . 

b.  Alloy  MA66  met  the  property  combination  for 
Target  A  (95  ksi  LYS)  in  extrusions  except  for  ductility  and 
resistance  to  SCC. 

c.  Alloy  MA67  met  the  property  combination  for 
Target  A  (95  ksi  LYS)  in  extrusions  except  for  ductility  and 
fracture  toughness. 

B.  Alloying  and  Processing  to  Improve  Fracture  Toughness 

In  analyzing  the  fracture  toughness  achieved  in  Phases 
I  and  II  of  this  program,**'^  it  was  noted  that  P/m  wrought  products 
were  generally  no  better  in  longitudinal  fracture  toughness  than 
i/m  7075-T6,  and  also  were  lower  than  I/M  7075-T6  in  transverse 
fracture  toughness.  Excessive  scatter  in  the  YS  vs  NTS/YS 

? 

relationship  also  obscured  expected  effects  in  some  cases. 

Additional  studies  of  factors  affecting  fracture  toughness  were, 

I 

therefore,  incorporated  in  Phase  III  to  improve  toughness  by:  , 
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1.  Increasing  the  amount  of  hot  deformation. 

2.  Decreasing  the  amount  of  constituents. 

a.  Decreasing  insoluble  phases  containing 
Fe  and  Si. 

b.  Eliminating  Cu. 

c.  Decreasing  oxides  by  using  coarser 
powder . 

d.  Decreasing  oxides  by  atomizing  with 
inert  gases. 

e.  Decreasing  oxides  by  preventing  addi¬ 
tional  oxidation  during  preheating  and 
transferring  of  hot  compacts  from 
furnace  to  compacting  cylinder. 

3.  Eliminating  entrapped  gases  by  preheating 

and  hot  compacting  in  vacuum. 

The  results  of  these  studies  to  improve  fracture  tough¬ 
ness  in  p/m  extrusions  are  presented  in  the  above  order  in  the 
following  sections. 

1.  Increasing  the  Amount  of  Hot  Deformation.  Extruded 
7/8"  diameter  (extrusion  ratio  =  53:1)  and  2"  diameter  (extrusion 
ratio  =  9.3:1)  rod  in  Al-6.5  Zn-2.2  Mg-1.5  Cu,  aI-5.9  Zn-2.1  Mg- 
2.2  Cu-0.1  Zr  and  a1-9.2  Zn-2.5  Mg-1.0  Cu  alloys  were  prepared  by 
d  procedure  outlined  in  Table  18  from  air  atomized  alloy  powders 
described  in  Tables  19  and  20.  These  powders  were  isostat real ly 
cold  pressed  in  a  wet  bag  system  at  38  to  40  ksi  applied  pressure. 
The  green  compacts  were  encapsulated  in  welded  aluminum  cans  as 
illustrated  in  Figure  24a,  preheated  in  flowing  argon  (CANAR  pre¬ 
heat)  to  1000  F  and  soaked  at  1000  F  for  the  times  shown  in 
Table  21.  Immediately  after  preheating,  the  compact  and  can  were 


hot  pressed  at  90  ksi  and  extruded  to  7/8"  diameter  or  2"  diameter 
rod  from  an  extrusion  cylinder  operated  at  700  F  at  less  than 
3  feet/minute  with  extrusion  conditions  shown  in  Table  21. 

Samples  3/4"  diameter  machined  from  7/8"  or  2"  diameter 
extruded  rod  were  solution  heat  treated,  quenched  and  aged  as 
shown  in  Tables  22,  23  and  24  for  determination  of  longitudinal 
tensile  and  notched  tensile  properties. 

As  shown  in  Table  25,  increasing  hot  reduction  in 
extrusion  above  an  extrusion  ratio  of  9.3  had  no  significant 
effect  on  longitudinal  yield  strength,  ductility,  or  fracture 
toughness  (NTS/YS) .  The  effect  of  hot  reduction  of  less  than  the 
equivalent  of  9.3  extrusion  ratio  will  be  examined  further  in  hand 
forgings  in  a  later  section  of  this  report. 

2 .  Decreasing  Amounts  of  Constituent. 

a.  Decreasing  Insoluble  Phases  Containing  Fe  and  Si. 
The  extrusions  listed  in  Table  26  were  fabricated  by  the  general 
procedure  shown  in  Table  18  with  specific  processing  conditions 
shown  in  Table  26.  The  effect  of  the  differences  in  extrusion 
ratio  among  these  extrusions  was  considered  negligible,  on  the 
basis  of  the  results  presented  earlier  (see  Table  25) .  These 
extrusions  were  solution  heat  treated,  quenched  and  aged  as  shown 


in  Table  27  and  tested  for  tensile  and  notched  tensile  properties 
in  the  longitudinal  and  transverse  directions. 
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Reducing  the  Fe  and  si  improved  the  fracture  toughness 
of  p/m  extrusions  at  the  lower  longitudinal  and  transverse  yield 
strengths  (82  ksi  and  lower)  but  not  at  higher  yield  strengths 
(92-94  ksi) ,  as  seen  in  Figure  25.  It  appears  that  the  lower 
matrix  ductility  at  these  high  yield  strengths  may  overwhelm  the 
effect  of  second  phase  particles  on  fracture  toughness. 

b.  Eliminating  Insoluble  and  nndissolved  Phases 
Containing  Cu.  The  alloy  powders  described  in  Table  28  were 
fabricated  to  octagonal  extrusions  (Figure  1)  by  the  general  pro¬ 
cedure  shown  in  Table  18  with  specific  processing  conditions  shown 
in  Table  29,  These  extrusions  were  solution  heat  treated, 
quenched  and  aged  as  shown  in  Table  30.  Tensile  and  notched 
tensile  properties  of  these  extrusions  were  determined,  as  was 
stress-corrosion  cracking  resistance  of  selected  samples. 

The  fine  powder  Cu-free  Al-Zn-Mg  alloys  showed  an 
improvement  in  longitudinal  NTS/YS  over  the  Cu-bearing  comparison 
alloys  (Figure  26)  but  little  advantage  in  transverse  NTS/yS 
(Figure  27) . 

The  magnitude  of  the  improvement  in  longitudinal  NTS/YS 
with  eliminating  Cu  was  smaller  than  the  improvement  shown  in 
Figure  28  for  the  effect  of  decreasing  Zn.  Since  decreasing  Zn 
did  not  decrease  SCC  resistance,  while  decreasing  Cu  did  decrease 
see  resistance  at  high  strength  (Table  31),  eliminating  Cu  will 
not  be-  considered  further  as  a  means  of  improving  fra  :ure  toughness. 
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c.  Decreasing  Oxides  by  Using  Coarser  Powder.  In 
addition  to  the  extrusions  listed  in  Tables  22,  23,  24  and  30, 
which  include  extrusions  from  fine  (15  uM  APD)  and  coarse  (48  uM 
APD)  powders,  other  extrusions  of  MA65  alloy  (Al-6.5  Zn-2.3  Mg- 
1.5  Cu)  from  air  atomized  powders  were  fabricated  to  provide  a 
range  of  processing  conditions  to  detect  process  and  powder  size 
interactions.  The  alloy/powders  described  in  Table  32  were  com¬ 
pacted,  preheated  and  extruded  by  the  general  procedure  shown  in 
Table  18,  with  specific  conditions  for  each  extrusion  as  liste'^ 
in  Table  33.  In  addition  to  an  atmosphere  furnace  rreheat  (FCE 
preheat)  with  flov/ing  argon,  prior  to  hot  working,  other  compacts 
were  preheated  in  welded  aluminum  cans  with  flowing  argon  prior  to 
can  and  compact  being  hot  pressed  and  extruded  (CANAR  preheat. 
Figure  24a) .  These  extrusions  were  solution  heat  treated,  cold 
water  quenched  and  aged  as  shown  in  Table  34. 

Increasing  powder  size  did  result  in  a  decrease  in  the 
amount  of  oxygen  in  the  extrusions,  but  fracture  toughness  (NTS/YS) 
decreased  with  decreasing  oxygen  (Table  34) .  Combining  these 
results  with  those  from  Table  30,  coarser  powder  (45  uM)  did 
yield  lower  longitudinal  fracture  toughness,  shown  as  lower  NTS/YS 
in  Figure  29,  and  substantially  lower  transverse  NTS/YS  in 
Figure  30.  The  results  shown  above  substantially  agreed  with  the 
longitudinal  fracture  toughness  for  CANAR  preheated  extrusions 
shown  in  Figure  31.  The  extrusions  from  coarse  powder  had  lower 
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iongitudinal  fracture  toughness  above  80-85  ksi  LYS  than  fine 
powder  (16  uM)  extrusions.  In  addition,  the  coarse  pov/der  extru¬ 
sions  developed  lower  transverse  fracture  toughness  at  all  yield 
strengths  tested. 

Examination  of  the  sample  having  the  highest  observed 
density  in  Table  34,  i.e.,  0.1020  Ib/cu.in.,  revealed  a  few 
scattered  fine  (<1  uM)  pores.  Figure  32,  indicating  that  this 
sample  was  very  near  the  maximum  possible  density.  Samples  ha’-'ing 
lower  density,  from  coarse  powders,  contained  more  and  larger 
pores,  and  pores  were  elongated  in  the  direction  of  metal  flov;  as 
illustrated  in  Figure  33. 

Particle  size  analyses  (Figure  34)  suggest  that  there 
are  fewer  small  parricles  in  the  coarse  powders  to  fill  inter¬ 
stices  between  larger  particles.  In  addition,  it  seems  reasonable 
that  nonideal  packing  of  particles  results  in  larger  interpart icis. 
voids  in  coarse  powders  than  in  fine.  This  would  necessitate 
larger  amounts  of  micrometal  flov/  to  achieve  complete  densif ication, 
and  for  a  given  amount  of  macrocle  format  ion,  large  voids  would  be 
more  difficult  to  fill  than  small  ones.  Figure  35  illustrates 
the  effect  of  powder  size  on  pore  size  in  extrusions. 

d.  Decreasing  Oxides  by  Atomizing  With  Inert  Gases. 
Pov/ders  of  aI-6.5  Zn-2.3  Mg-1.5  Cu  alloy  were  prepared  by  inert 
gas  aspirating  and  air  collecting  to  generate  alloy  e.vtrusions 
from  powders  with  reduced  amounts  of  ox?de.  The  alloy  compositions 
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listed  in  Table  35  v/ere  atomized  with  air,  nitrogen,  argon  or 
helium  to  yield  fine  and  coarse  powders  of  pov/der  sizes  shov/n  in 
Table  36.  Inert  atomizing  did  result  in  a  substantial  reduction 
in  the  amount  of  oxygen  in  the  powder  as  shov/n  in  Table  3  5  com¬ 
paring  argon  and  air  atomized  pov/ders  of  near  equal  pov/der  size. 

This  reduction  in  oxygen  may  be  partially  related  to:  (a)  decreased 
surface  area  of  the  smooth,  regular  shaped  particles  of  the  argon 
atomized  powders  (Figure  36a)  compared  to  the  irregular  shaped  air 
atomized  particles  (Figure  36b}  and  (b)  decreased  amount  of  fine 
particles  in  the  regular,  inert  atomized  pov/ders  (Figure  34)  com¬ 
pared  to  the  irregular,  air  atomized  powders.  No  measurements  of 
oxide  thickness  v/ere  made  to  determine  that  contribution  to  reducing 
the  amount  of  oxi’e. 

These  alloy  powders  v/ere  compacted,  prei.catfjc  and  extruded 
by  the  general  p-'ocedure  shov/n  in  Table  18,  with  specific  conditions 
for  each  extrusion  listed  in  TabJe  37.  The  bulk  of  these  samples 
v/ere  CANAR  preheated  (can  preheat/hot  press  with  argon)  as  shov/n  in 
Figure  24a,  while  selected  samples  of  air  and  argon  atomized 
powders  were  FCE  preheated. 

The  extrusions  listed  in  Table  38  rv  re  solution  heat 
treated,  cold  water  quenched  and  aged  as  shown  for  determination 
of  longitudinal  and  transverse  tensile  and  notched  tensile 


properties. 
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Inert  atomizing  variations  used  to  prepare  Al-6.5  zn-2.5 
Mg-1.5  Cu  extrusions  resulted  in  variations  in  the  amount  of  oxide 
in  the  extrusions  and  variations  in  the  ductility  and  fracture 
toughness  (Table  38) .  Among  the  inert  atomizing  gases,  argon 
generally  gave  superior  transverse  ductility  and  comparable  NTS/YS 
to  the  materials  prepared  with  helium  or  nitrogen.  Because  all  of 
the  inert  gases  gave  smooth,  regular  shaped  powder,  as  illustrated 
in  Figure  36a,  the  extrusions  from  argon-atomized  powders  were 
selected  for  detailed  study  as  being  representative  of  regular 
shaped,  inert  atomized  alloys.  These  were  compared  to  extrusions 
from  air  atomized  powders. 

Because  this  study  was  intended  to  improve  toughness  by 
decreasing  the  amount  of  oxide  second  phase  particles,  it  was  of 
interest  that  mechanical  properties,  p^ticular.ly  transverse 
elongation,  NTS/YS  and  tensile  strength  were  found  to  increase 
with  increasing  oxygen  content  (Figure  37) .  One  reason  for  the 
contrary  trend  was  porosity,  as  illustrated  by  density  differences 
between  extrusions  from  regular  (argon  atomized)  and  irregular  (air 
atomized)  powders  (Table  39) .  These  density  differences  had  a  most 
potent  effect  on  transverse  mechanical  properties,  particularly 
NTS/YS  near  the  highest  observed  density  (Figure  38) . 

A  reason  for  the  inferior  properties  with  regular  shaped, 
inert  atomized  powders  is  suggested  by  the  way  these  particles 
might  pack  during  densif ication.  Irregular-shaped  particles  give 
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rise  to  long  thin  voids  between  particles  which  close  readily 
with  applied  hydrostatic  stress  and  are  sheared  readily  during 
extrusion.  Additionally#  metal  tails  and  particle  surface  pro¬ 
jections  provide  metal  to  fill  small  voids  at  particle  inter¬ 
stices  by  combined  hydrostatic  stress  and  shearing  metal  flow  in 
extrusion.  Relatively  smooth,  regular  particles  result  in 
regular,  near  spherical  voids  at  particle  interstices  which  will 
not  fully  close  with  applied  hydrostatic  stress.  Further,  these 
small,  numerous,  near  spherical  voids  are  resistant  to  closing  in 
combined  hydrostatic  stress  and  shearing  metal  flow  in  extrusion.-® 
Powder  shape  had  a  morte  significant  effect  on  fine 
powders  than  on  coarse,  with  regular  particles  giving  0.5%  lower 
density  but  up  to  28%  lower  transverse  fracture  toughness  (NTS/YS) 
than  irregular  particles  (Table  39) , 

e .  Decreasing  Oxides  by  preventing  Additioral 
Oxidation.  In  inert-gas  atmosphere- furnace  preheating  (FCE  preheat) , 
some  dilution  of  the  inert  gas  by  air  takes  place  when  opening  the 
furnace  to  remove  a  compact  (Ref.  4,  Table  5) ,  exposing  the 
remaining  compacts  in  the  furnace  to  oxygen.  In  addition,  trans¬ 
porting  the  compact  in  air  to  a  press  for  hot  working  would  be 
expected  to  further  expose  the  compact  to  oxygen.  Preheating  the 
compact  in  flowing  argon  in® roe  a  welded  aluminum  can  and  hot 
pressing  the  compact  in  the  can  (CANAR  preheat)  eliminates  both 
of  these  sources  of  oxidation  and  would  be  expected  to  result  in 
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lower  amounts  of  oxides  than  atmosphere  furnace  preheating.  The 
extrusions  from  air  and  argon  atomized  powders  listed  in  Table  38 
processed  with  FCE  and  CANAR  preheat  did  show  reduced  oxygen  with 
CANAR  preheat  (Table  40) .  However,  this  reduced  oxygen  was 
accompanied  by  reduced  density  and  reduced  fracture  toughness  in 
both  longitudinal  and  transverse  directions  (Table  40) .  CANAR 
preheat  generally  shows  reduced  fracture  toughness  even  after 

compensating  for  differences  in  yield  strengths  (Figures  39  and 
40)  . 

One  possible  explanation  for  the  superiority  of  FCE  pre¬ 
heating  over  CANAR  preheating  lies  in  gas  entrapped  in  the  can  in 
hot  pressing  interfering  with  interparticle  bonding.  Processing  a 
bare  compact  allows  egress  of  interparticle  gas  which  passes  the 
compacting  cylinder  dies  to  escape  the  compacting  cylinder,  thus 
allowing  intimate  contact  and  bonding  between  particles.  Since  a 
nonreactive  gas  (e.g.,  argon)  in  a  pore  impedes  pore  closing 
during  hot  pressing  and  extruding,  lower  density  might  be  expected 
in  CANAR  preheating  if  argon  is  trapped  in  the  can.  Evidence  of 
this  v;as  higher  density  in  FCE  preheat  extrusions  compared  to 
CANAR  preheat  extrusions  ^Table  40) . 

3.  Eliminating  Entrapped  Gases  by  Vacuum  Preheating  and 
Hot  Compacting.  The  above  evidence  of  gas  entrapment  in  CANAR 
preheat  compared  to  FCE  preheat  led  to  che  trial  of  a  vacuum 
preheat/hot  press,  i.e.,  preheating  with  a  vacuum  and  maintaining 


the  vacuum  in  hot  pressing  by  weld-sealing  the  evacuation  line 
prior  to  hot  pressing  (VAC  preheat.  Figure  24b) .  Alloy  powders 
described  in  Table  41,  prepared  by  air  and  nitrogen  atomizing, 
were  processed  by  the  general  procedure  outlined  in  Table  18, 
using  specific  processing  conditions  shown  in  Table  42,  to  the 
1-9/16"  octagonal  extruded  bar  shown  in  Figure  1.  in  addition  to 
VAC  preheating,  compacts  were  (a)  preheated  in  cans  with  flowing 
nitrogen  and  hot  pressed  in  the  can  (CANIT  preheat,  Figure  24a) 
or  (b)  preheated  in  retorts  with  flowing  nitrogen  and  hot  pressed 
bare  in  an  extrusion  cylinder  (RET  preheat.  Figure  24c)  prior  to 
extruding.  Some  samples  being  vacuum  preheated  developed  air 
leaks  of  varying  degrees  during  sealing  (AVAC  preheat) . 

These  octagonal  extrusions  were  solution  heat  treated, 
cold-water  quenched  and  aged  as  shown  in  Table  43  for  determination 
of  longitudinal  and  transverse  tensile  and  notched  tensile 
properties.  Selected  samples  listed  in  Table  44  (those  achieving 
the  highest  transverse  NTS/YS)  were  also  sampled  for  plane-strain 
fracture  toughness  (Kjc)  specimens. 

VAC  preheat/hot  press  of  MA83  alloy  clearly  gave  very 
dramatically  improved  fracture  toughness  over  inert  gas  preheat/ 
hot  press  (Table  43) ,  particularly  in  the  transverse  direction. 

The  improvement  in  transverse  toughness  was  well  beyond  any  of 
the  individual  incremental  improvements  observed  for  the  individual 


factors  discussed  earlier  (Figure  41) . 


-26- 


The  toughness  improvement  with  VAC  preheat  was  not 
entirely  explained  by  differences  in  density  as  shown  in  Figure  42. 
CANIT  and  RET  preheated  extrusions  showed  improved  NTS/YS  with 
increasing  density,  while  vacuum  preheating  and  hot  pressing  gave 
substantially  higher  NTS/YS  than  any  gas  preheated  extrusions  at 
the  same  density.  As  observed  earlier  (Figure  38) ,  ductility 
improved  at  near  maximum  density  regardless  of  preheat. 

A  substantial  part  of  the  toughness  improvement  with  VAC 
preheat  was  related  to  minimizing  gas  content  in  preheat/hot 
pressing  (Figure  43,  Table  45)  to  avoid  entrapped  gas  interfering 
with  interparticle  bonding.  In  addition  to  eliminating  inter¬ 
ference  of  gas  with  bonding,  increasing  the  hot  compacting 
pressure  to  increase  bonding  force  gave  improved  transverse 
fracture  toughness  (Figure  44)  for  both  vacuum  and  inert  gas 
preheats . 

A  part  of  the  improvement  in  fracture  toughness  with 
vacuum  preheat  may  be  the  result  of  diminishing  the  amount  of 
second  phase  in  the  extruded  structure  compared  to  nitrogen  pre¬ 
heat  as  shown  in  Figure  45.  The  white  constituent  in  Figures  45c 
and  45d  appears  to  be  an  oxide  (generated  in  decomposition  of 
water  adsorbed  on  the  powder  particle  surfaces  during  heat  up)  or 
a  nitride  (generated  by  reaction  of  aluminum  and  nitrogen  during 
preheating) . 


p/m  MA83  extrusions  with  VAC  preheat  compared  favorably 
with  experimentally  generated  l/M  7050  and  7075  extrusions  (in 
Table  45) ,  with  the  VAC  preheated  MA83  surpassing  both  7050  and 
7075  in  transverse  plane-strain  fracture  toughness  (Kjc)  and 
ductility.  When  properly  processed,  the  P/M  alloy  appeared  to 
show  somewhat  less  anisotropy  in  ductility  and  fracture  toughness 
(Kjc)  than  7050  and  7075,  possibly  due  to  the  fine  grain  size  and 
constituent  size. 

4.  Conclusions. 

a.  Vacuum  preheat/hot  press  substantially  improved 
the  longitudinal  and  transverse  fracture  toughness  of  P/M 
extrusions. 

b.  Vacuum  preheated  MA83  extrusions  surpassed  the 
transverse  plane-strain  fracture  toughness  and  ductility  of  7050 
and  7075  extrusions. 

The  following  conclusions  are  tentative  because  they 
are  based  on  inert  gas  preheated  material  and  are  clouded  by 
unknown  amounts  of  gas  and  porosity; 

c.  Fine  powder  (16  pM  APD)  of  irregular  shape  (as 
atomized  in  air)  provided  maximum  extrusion  density  and  transverse 
ductility  and  fracture-toughness  (NTS/YS)  in  extrusions  from  inert 


gas  preheated  compacts. 
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d.  Among  inert  gas  preheats,  maximum  transverse 
toughness  (NTS/YS)  was  achieved  by  furnace  or  retort  preheating 
followed  by  bare  compact  hot  pressing  preceding  hot  working. 

e.  Reduced  Fe  and  Si  improved  fracture  toughness 
below  85  ksi  YS  in  both  longitudinal  and  transverse  directions. 

f.  Eliminating  Cu  in  a1-9  Zn-2.5  Mg  alloys 
improved  fracture  toughness  in  extrusions  in  longitudinal 
direction. 

g.  Reducing  Zn  improved  fracture  toughness  in 
longitudinal  and  transverse  directions. 

C.  Quench  Sensitivity 

The  preparation  and  heat  treatment  of  the  Al-Zn-Mg  and 
Al-Zn-Mg-Co  extrusions  listed  in  Table  30  was  described  above  in 
section  lB2b,  page  18,  under  pn. grams  to  improve  fracture  tough¬ 
ness.  These  extrusions  were  also  used  to  study  quench  sensitivity 
by  varying  the  quench  rate  after  solution  heat  treatment. 

As  shown  in  'x  ible  46,  the  extrusions  made  from  coarse 
powder  were  substantially  less  quench  sensitive  than  those  from 
fine  powder.  In  the  absence  of  Co,  cu  slightly  decreased  quench 
sensitivity.  In  the  absence  of  Cu,  Co  slightly  increased  quench 
sensitivity.  Combined  Co  and  Cu  additions  increased  quench 
sensitivity. 


1.  Material  Preparation.  The  die  forging  shown  in 
Figure  46,  designated  Die  9078,  was  fabricated  from  P/M  4”  diameter 

extruded  rod  as  follows. 

Hot  pressed  compacts  of  alloys  MA65,  MA66,  MA83,  and  MA67 
(listed  in  Table  5)  were  prepared  by  the  procedure  outlined  in 
Table  6  using  specific  conditions  for  each  compact  listed  in 
Table  47.  These  hot-pressed  compacts  were  scalped  to  remove  1/8”- 
1/4”  off  the  diameter,  reheated  and  extruded  to  4”  diameter  rod 
using  extrusion  conditions  listed  in  Table  48. 

The  die  forging  v;as  prepared  in  a  tv/o-step  block  and 
finish  sequence.  The  4”  diameter  rod  was  reheated  to  800  P  and 
forged  in  a  blocker  die  heated  to  800  F.  After  trimming  excess 

parting  plane  flash,  the  blocker  forging  was  reheated  to  800  F  and 
finish  forged  in  800  F  dies.  The  relative  scale  of  the  green  compact, 
hot  pressed  compact,  extruded  4”  diameter  rod  cuid  the  9078  die 

forging  is  shown  in  Figure  46.  I/M  alloy  7075  forgings  were 

similarly  fabricated,  starting  with  11”  diameter  D.C.  ingot,  scalped 
to  9”  diameter  to  provide  a  comparison  commercial  alloy  product. 

The  forgings  were  solution  heat  treated  at  920  F  (P/M 
alloys)  or  880  F  (7075)  for  2  hours,  quenched  as  shown  in  Table  49, 

aged  6-7  days  at  room  temperature  plus  24  hours  at  250  F.  Selected 


forgings  were  further  aged  6  hours  at  325  F,  as  shown  in  Table  49, 
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These  forgings  were  sampled  as  shown  in  Figure  47  for  web  and 
flange  tensile  and  notched  tensile  properties  and  for  SCC  test 
tensile  bars  across  the  parting  plane  for  accelerated  A. I. 
(alternate  immersion  per  Federal  Test  Method  823)  and  industrial 
atmospheric  (New  Kensington,  Pa.)  exposures. 

2.  Results  and  Discussion.  The  mechanical  properties 
of  the  9078  die  forgings  are  summarized  in  Table  49,  while  the 

A. I.  SCC  performance  is  shown  in  Table  50.  Table  3,  Appendix, 

/ 

shows  the  progress  of  New  Kensington  atmosphere  SCC  tests  to  date, 

with  170-230  dai^  completed  in  a  planned  4-year  test. 

/ 

The  p/m  forgings  clearly  achieved  superior  strength  com¬ 
pared  to  i/m  7075  alloy  as  shown  in  Table  49.  However,  all  of  the 
p/m  alloys  were  inferior  in  fracture  toughness  (NTS/YS)  compared 
to  i/m  7075,  particularly  in  the  short  transverse  direction 
(across  the  parting  plane)  as  shown  in  Figure  48.  The  processing 
for  these  forgings  included  an  argon  preheat  in  an  atmosphere 
furnace  and  argon/air  hot  press;  it  is  anticipated  that  vacuum 
preheat/hot  press  processing  will  substantially  improve  fracture 
toughness  in  all  directions,  particularly  in  the  transverse 
direction  as  was  accomplished  in  extrusions  (see  Figure  41) . 

Stress-corrosion  performance  in  alternate  immersion  is 
shown  as  a  function  of  STYS  in  Figures  49  and  50.  The  SCC  per¬ 
formance  is  in  terms  of  percent  surviving  after  30  days  and  84 
days  at  stresses  of  25,  30,  35,  40,  and  45  ksi.  The  l/M  7075-T6 


control  which  was  carried  in  this  experiment  is  shown  as  are 
curves  for  l/M  7049  and  ,l/M  7056  die  forgings  (die  9078  and 
similar  forgings)  from  other  investigations.^^ 

After  30  days,  MA67  was  capable  of  higher  strengths  for 
a  given  level  of  SCC  resistance  than  the  other  P/m  and  l/M 
materials  shown  in  Figure  49.  MA66  alloy  appeared  to  be  inferior 
to  Ma67  in  the  combination  of  strength  and  resistance  to  stress- 
corrosion  cracking  but  was  superior  to  7075,  7050  and  7049  at 
lower  levels  of  applied  stress.  MA65  alloy  was  superior  to  l/M 
7075  but  inferior  to  the  other  P/M  alloys  and  to  7049  and  7050 
die  forgings. 

After  84  days,  MA67  was  capable  of  higher  strengths  at 
a  given  level  of  SCC  resistance  than  the  other  P/M  and  l/M 
materials  in  Figure  50.  MA66  appeared  to  be  inferior  to  MA67, 
about  the  same  as  7049  and  7050,  and  superior  to  7075.  MA65  was 
superior  to  7075  but  inferior  to  7049  and  7050. 

In  the  absence  of  a  correlation  between  A. I.  and  long¬ 
time  exposure  in  natural  environments  for  these  new  alloys,  the 
relative  ranking  of  the  SCC  properties  of  these  materials  is 
considered  tentative.  Long-time  tests  in  New  Kensington 
atmosphere  are  in  progress. 

3.  conclusions. 

a.  MA67  alloy  developed  a  better  combination  of 
strength  and  resistance  to  stress-corrosion  cracking  in  die 
forgings  than  l/M  7075»  7049  and  7050  in  accelerated  tests. 


b.  p/m  alloys  mA65/  MA66  and  MA67  all  developed 
better  combinations  of  strength  arid  resistance  to  stress-corrosion 
cracking  than  i/m  7075  forgings. 

c.  p/m  alloy  die  forgings  fabricated  from  inert  gas 
preheated  compacts  had  lower  fracture  toughness  than  l/M  7075 
forgings. 


if 


III.  Hand.  Forgings 

A.  Properties  of  Hand  Forgings  frQm  ,l70-lb  Compacts 

1.'  Material, .Preparation.  Hand  forgings  2"  thick  x  10" 
wide  X  47"  long  were  fabricated  from  atomized  alloys  as  follows. 

Hot  pressed  compacts  (see  Figure  2)  of  alloys  MA65, 


MA66,  and  MA67  (listed  in  Table  5)  from  15  pM  and  50  pM  (APD) 
powders  were  fabricated  by  the  procedure  outlined  in  Table  6, 
using  specific  conditions  for  each  compact  listed  in  Table  51. 

These  hot  pressed  compacts  were  scalped  to  7.5"  diameter  x  22.5" 
long,  reheated  to  700  F  and  forged  by  an  "A"  upset  and  draw  pro¬ 
cedure  (as  shown  in  Figure  51)  to  2.2"  x  10"  x  47".  A  billet 
7.5"  diameter  x  22.5"  long  from  11"  diameter  7075  D.C.  ingot  was 
similarly  forged  to  provide  a  comparison  material  for  testing. 

After  ultrasonic  inspection,  the  forgings  were  scalped  to  2.05" 
thick  (removing  equal  amounts  from  each  side  of  forging)  i.o  pro¬ 
vide  a  uniform  quenching  thickness  and  parallel  sides  for  com¬ 
pressive  stress  relief. 

The  forgings  were  solution  heat  treated  at  920  F  (P/M 
alloys)  or  880  F  (l/M  7075),  quenched  and  aged  as  shown  in  Table  52. 
These  forgings  were  sampled  for  tensile  and  notched  tensile 
properties  in  the  longitudinal,  long  transverse  and  short  trans¬ 
verse  directions  and  for  short  transverse  tensile  bars  for 
accelerated  A. I.  and  atmospheric  (New  Kensington,  Pa.)  SCC  tests. 


as  shown  in  Figure  52. 
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2.  Results  and  Discussion.  The  mechanical  properties 
of  the  2"  thick  hand  forgings  are  summarized  in  Table  52,  while 
A. I.  see  performance  is  presented  in  Table  53.  Table  4,  Appendix 
shows  the  samples  in  New  Kensington  atmosphere,  with  170-270  days 
completed  in  planned  4-years  test. 

The  quench  sensitivity  exhibited  by  these  P/m  alloy 
forgings  appeared  to  be  substantially  less  than  7075,-®  comparable 
to  7049, ’-4  and  slightly  higher  than  7050, based  on  the  effect 
of  decreasing  quench  rate  on  longitudinal  yield  .strength  shown  in 
Figure  53. 

Second-step  aging  at  325  F  decreased  the  longitudinal 
yield  strength  as  shown  in  Table  54  and  Figure  54.  MA65  alloy, 
with  higher  Cu  and  lower  Zn  +  Mg,  lost  strength  slower  than  either 
MA66  or  MA67 . 

The  coarse  powder  hand  forgings  compared  rather  favor¬ 
ably  in  longitudinal  and  long  transverse  ductility  and  fracture 
toughness  with  the  fine  powder  forgings,  as  shown  in  Table  52  and 
Figure  55a  and  b.  However,  the  poor  short  transverse  (ST)  ductility 
and  very  poor  STYS  and  NTS/YS  of  the  coarse  powder  hand  forgings 
(Table  52)  eliminated  these  materials  from  further  serious  study. 

The  fine  powder  hand  forgings  clearly  achieved  superior 
strength  relative  to  l/M  7075  in  all  directions.  However,  the 
fine  powder  forgings  were  inferior  in  fracture  toughness  (NTS/YS) 
compared  to  i/M  7075  in  the  longitudinal  and  long  transverse 
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directions  (Figure  55) .  The  processing  for  these  forgings 
included  an  argon  preheat  in  an  atmosphere  furnace  and  argon/air 
hot  press;  it  is  anticipated  that  vacuum  preheat/hot  press  pro¬ 
cessing  will  substantially  improve  fracture  toughness  in  all 
directions,  particularly  in  the  transverse  direction  as  was 
accomplished  in  extrusions  (see  Figur'e  41) . 

After  30-day  exposure  in  A- I.  stress-corrosion  testing, 
all  of  the  p/m  alloy  hand  forgings  developed  superior  strength  and 
see  resistance  compared  to  i/m  7075,  as  shown  in  Figure  56.  In 
order  of  increasing  strength  with  see  resistance,  the  P/M  alloys 
would  rank  in  the  following  order:  MA6b,  MA66,  and  Ma67. 

After  84-day  exposure  in  A. I. ,  none  of  the  P/M  alloy- 
tempers  passed  at  30  ksi  ST  sustained  stress  (Figure  57).  MA65 
at  62  ksi  STYS  and  MA67  at  69  ksi  STYS  sustained  25  ksi  stress 
without  failure.  MA66  and  the  other  P/M  alloys  would  be  expected 
to  sustain  higher  stress  v/ithout  failure  at  lower  yield  strengths 
than  those  tested  here. 

The  superior  strength  and  stress-corrosion  cracking 
resistance  of  the  P/M  forgings  compared  to  l/M  7075  appears  to 
be  related  to  the  very  fine  grain  size  of  the  P/M  forgings  in  all 
directions  (illustrated  for  MA65  in  Figure  58) ,  and  to  the  com¬ 
bination  of  fine  grain  size  and  fine  distribution  of  COaAlg 
achieved  in  P/M  alloys  with  cobalt,  illustrated  in  Figure  59. 

Note  that  the  COaAlg  particles  are  not  appreciably  elongated  by 
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working  in  hand  forging,  and  that  the  grains  are  more  equiaxed  in 
MA67  than  in  MA65. 

3.  conclus ions. 

a.  p/m  MA&5,  MA66  and  MA67  alloy  hand  forgings 
developed  superior  strength  with  SCC  resistance  compared  to  i/m 
7075  hand  forgings. 

b.  p/m  alloy  hand  forgings  fabricated  from  argon 
preheated  hot  pressed  compacts  had  inferior  fracture  toughness 
compared  to  i/m  7075. 

B.  optimization  of  Processing  for  Forgeability 

1.  Material  Preparation.  Three  kinds  of  hand  forgings 
were  made  and  evaluated  to  determine  the  effect  of  process  vari¬ 
ables  on  quality  as  noted  by  visual  examination  and  ultrasonic 
inspection.  The  kinds  of  forgings  were: 

a.  5"  square  stepped  to  3"  square. 

b.  5"  square  stepped  to  3.5"  square  stepped  to  2" 
square . 

c.  5"  X  10"  X  36". 

The  process  variables  were  alloy,  powder  size,  preheat 
atmosphere,  temperature  and  time,  hot  compacting  pressure,  amount 
of  scalp,  and  amount  of  hot  work. 

Hot  pressed  compacts  (see  Figure  2)  of  alloys  MA65,  MA66, 
and  Ma67  were  fabricated  by  the  procedure  outlined  in  Table  6  using 
specific  conditions  for  each  compact  as  listed  in  Table  55.  The 
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hot  pressed  compacts  were  scalped  as  shown  in  Table  55,  reheated 
to  700  ''  and  forged  by  an  "A"  upset  and  draw  procedure  as  shown 
in  Figures  51,  60,  and  61. 

The  forgings  were  etched  and  visually  inspected  for 
cracking  on  the  faces  and  unrestrained  ends.  Prior  to  ultrasonic 
inspection,  the  3"  square  and  5"  square  forgings  were  solution 
heat  treated  for  2  hours  at  920  F,  cold  water  quenched,  and  aged 
4-7  days  at  room  temperature  plus  24  hours  at  250  F.  The  other 
forgings  were  ultrasonically  inspected  in  the  as-forged  temper. 

The  ultrasonic  inspection  used  a  10  MHz,  3/4"  diameter  lithium 
sulfate  search  unit  and  standardization  for  a  2"  trace-to-peak 
indication  from  the  3-0075  (No.  3)  Reference  Block  (3/64"  diameter 
flat  bottomed  hole) .  The  volume  of  metal  meeting  SNT  Class  "A" 
Standards  was  computed  and  recorded  as  "per  cent  metal  recovery" 
in  Table  56.  The  2"  x  10"  x  47"  hand  forgings  described  earlier 
(Section  IIIA,  page  33)  v/ere  also  inspected  for  forgeability  in 
the  following  discussion. 

2.  Pfcsults  and  Discussion.  The  quality  ratings  of  the 
p/m  hand  forgings  described  above  are  summarized  in  Table  56  and 
discussed  by  process  step  below. 

a.  Effect  of  Alloy.  Alloys  with  low  insolubles 
(i.e.,  no  cobalt)  yielded  slightly  better  recovery  than  the  alloy 
with  1.6  Co  (Table  57),  particularly  at  high  hot  compacting 
pressure  (90  ksi)  for  fine  powder  (15  pM  APD) . 
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b.  Effect  of  Powder  Size.  Decreasing  powder  size 
substantially  improved  forging  quality,  as  shown  in  Tables  57,  58, 
and  59,  for  all  compacts  fabricated  to  square  or  rectangular  hand 
forgings.  Forgings  from  50  laM  (aPD)  powders  gave  unacceptable 
forging  quality,  with  some  compacts  cracking  during  loading  for 
hot  pressing  and  the  hot  pressed  billets  cracking  severely  during 
forging.  Forgings  from  23  uM  powders  were  marginally  acceptable. 
Only  the  forgings  from  15  laM  powders  were  nearly  perfect  (Table  57)  , 
notably  at  high  hot  compacting  pressures. 

c.  Effect  of  Preheat  Atmosphere.  Preheating  in  a 
retort  with  any  of  the  atmospheres  shown  in  Table  60  resulted  in 
high  metal  recovery.  Inert  gas  preheating  resulted  in  forgings 
with  generally  fewer  cracks  than  with  ambient  air  preheating  in  a 
retort,  although  the  cracks  in  the  latter  forging  were  quite 
shallow.  Furnace  air  preheating  (in  a  circulating  air  reheat 
furnace)  resulted  in  severely  cracked  forgings  and  very  little 
sound  metal. 

Changing  the  gas  flow  rate  had  very  little  effect  on 
forging  quality  for  either  avgon  or  nitrogen  preheating  (Table  60) . 


Changing  the  inert  gas  from  nitrogen  to  argon  had  no  significant 
effect  on  forging  quality  (Table  61) .  Nitrogen  preheating  gave 


forgings  with  less  surface  checking  than  argon.  This  checking 


was  only  a  surface  condition. 


d.  Effect  of  Preheat  Temperature.  No  appreciable 
changes  in  forging  recovery  resulted  from  the  preheat  temperature 
variations  shown  in  Table  61.  it  is  significant  to  note  that  a 
compact  preheated  at  1050  f  (70  f  above  the  solidus^  cracked  in 
handling  before  hot  pressing.  Temperatures  substantially  above 
the  alloy  solidus  temperature  may  be  excessive  for  routine  pre¬ 
heating  of  large  compacts. 

e.  Effect  of  Preheat  Time.  Increasing  preheat  time 
from  1  to  5  hours  improved  recovery  slightly  with  little  effect  on 
the  amount  of  cracking  during  forging  (Table  60) . 

f.  Effect  of  Hot  Compacting  Pressure.  Decreasing 
hot  compacting  pressure  from  90  ksi  to  75  ksi  resulted  in  small 
improvement  in  metal  recovery  and  visual  quality  (Table  57,  forgings 
from  23  nM  powders)  but  with  a  substantial  increase  in  the  number 

of  small  isolated  discontinuities  in  the  forgings  (Table  62) .  This 
trend  was  observed  previously  (Ref.  4,  pg.  70) .  Further  decreasing 
the  hot  compacting  pressure  from  75  ksi  to  60  ksi  did  not 
appreciably  change  the  amount  of  sound  forging  but  did  slightly 
decrease  visual  quality  with  increased  surface  checking. 

g.  Effect  of  Amount  of  Scalp.  Some  scalping  to 
remove  the  oxidized  and  contaminated  metal  at  the  hot  compact 
surface  is  necessary  to  produce  flaw-free  forgings,  as  shown  in 
Tables  63  and  64,  the  unscalped  billets  gave  forgings  with  less 
than  50%  of  its  volume  as  sound  forging,  with  severe  cracking 


extending  well  into  the  forging.  A  small  scalping  cut,  on  the 
order  of  0.3"  off  the  diameter  and  the  ram  end,  appears  necessary 
to  remove  the  contaminated  surface  (Table  63) .  Part  of  the  loss 
of  sound  material  from  the  5"  x  10"  x  36"  hand  forgings  from 
unscalped  compacts  (Table  64)  was  the  result  of  buckling  in  up¬ 
setting  due  to  excessive  length/diameter  ratio,  resulting  in  an 
extensive  fold  at  one  end  of  the  forged  slab. 

More  extensive  cracking  in  pieces  with  slight  blind  die 
end  scalp  suggests  that  the  blind  die  end  of  the  compact  is  less 
forgeable  than  the  ram  end  (Table  63) .  This  may  be  due  to  a 
pressure  gradient  in  hot  pressing,  with  pressure  decreasing  with 
distance  from  the  ram  dummy  block.  This  effect  is  probably  related 
to  hot  compact  length  to  ram  end  diameter  ratio,  in  this  case  3.3:1. 

h.  Effect  of  the  Amount  of  Hot  Work,  increasing 
amounts  of  hot  work  in  forging  did  not  appreciably  affect  forging 
quality  (Table  65),  but  affected  mechanical  properties,  to  be 
discussed  in  a  following  section. 

3 .  Conclusions. 

a.  Compacts  from  fine  powders  (15  uM  APD)  had 
superior  forgeability  compared  to  compacts  from  coarser  powders 
(22  to  50  HM  APD) . 

b.  Preheating  in  nitrogen,  argon  or  in  a  closed 
retort  gave  better  forgeability  than  circulating  air  furnace  pre¬ 


heating. 


as 
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c.  Scalping  of  hot  pressed  compacts  is  necessary 
prior  to  forging  to  minimize  cracking  during  hot  forging. 

d.  Reducing  hot  compacting  pressure  below  90  ksi 
increased  the  number  of  isolated  discontinuities  in  hand  forgings 
without  appreciably  affecting  forging  recovery. 

e.  The  following  process  variations  had  no  appreci¬ 
able  effects  on  forging  quality: 

Preheat  temperatures  from  950  to  1050  F. 

Preheat  times  from  1  to  5  hours. 

Increasing  hot  reductions  from  75  to  95%. 

C.  Effect  of  Process  Variations  on  Fracture  Toughness  and 
Ductility  of  Hand  Forgings _ 

1.  Material  Preparation.  The  fabrication  of  P/M  3" 
square  and  5"  square  hand  forgings  was  described  in  Section  II IB/ 
page  36.  These  hand  forgings  were  heat  treated  and  tested  for 
mechanical  properties  as  shown  in  Table  66,  and  sampled  as  shown 
in  Figure  60.  The  forging  with  75  to  97%  reduction  (404877H1) 
was  sampled  as  in  Figure  61  for  1"  blanks,  which  were  heat 
treated  and  aged  as  shown  in  Table  67.  These  properties  are 
discussed  below. 

2 .  Results  end  Discussion. 

a.  Effects  of  Alloys.  Increasing  zn+Mg+Cu  increased 
strength  and  decreased  ductility  and  fracture  toughness  (NTS/YS)  in 
all  test  directions.  The  1.6%  Co  in  MA67  increased  the  strength 
slightly  over  MA66,  notably  in  the  transverse  directions  in  3" 


-42- 


square  hand  forgings,  but  generally  reduced  ductility  and  fracture 
toughness  (see  Table  68) . 

b.  Effect  of  Powder  Size.  Increasing  powder  size 
resulted  in  increased  strength  and  generally  decreased  ductility 
and  fracture  toughness  (NTS/YS) ,  as  shown  in  Table  68.  as  pointed 
out  previously  (Table  57) ,  increasing  powder  size  substantially 
decreased  forging  quality  due  to  cracking  during  forging,  yielding 
forgings  of  less  than  ultrasonic  SNT  Class  "A"  quality- 

c.  Effect  of  Preheat  Atmosphere.  While  strength 
was  not  appreciably  affected  by  changing  preheat  atmosphere 

(Table  66) ,  fracture  toughness  (NTS/YS)  and  ductility  did  vary 
with  changing  atmosphere.  Longidutinal  NTS/YS  and  ductility  were 
highest  for  argon  preheating  at  any  of  the  flow  rates  shown  in 
Tables  69,  70,  and  71,  with  nitrogen  preheating  only  slightly 
inferior  to  argon. 

Fracture  toughness  in  the  two  transverse  directions 
showed  nitrogen  to  be  superior  to  argon,  substantially  so  at  high 
gas  flow  rates  (Table  69) .  Increasing  gas  flow  rate  decreased 
toughness  with  argon,  but  increased  toughness  for  nitrogen. 

Highest  transverse  toughness  was  achieved  with  0.75  CFH/lb  flow 
rate  for  nitrogen  preheat.  Transverse  ductility  showed  no 
consistent  effect  of  changing  preheat  gas  (Tables  70  and  71) . 

It  was  suggested  that  the  poor  toughness  with  argon 


preheating  might  result  from  argon  entrapment  in  hot  pressing. 
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The  preheat  gas  should  displace  the  gas  evolving  from  the  powder 
surface  in  the  interstices  of  the  compact  during  preheating. 

This  preheat  gas  then  would  occupy  the  pores  in  the  compact  and 
might  interfere  with  densifying  once  the  interconnected  porosity 
was  closed  during  hot  pressing.  With  nitrogen  in  the  compact's 
interstices,  a  potential  reaction  with  aluminum  could  eliminate 
the  gas  in  pores  (by  converting  to  solid  AlN) ,  allowing  more 
complete  densif ication. 

Analyses  confirmed  the  presence  of  argon  in  the  forging 
preheated  in  that  gas  and  the  absence  of  argon  in  the  forging  pre¬ 
heated  in  nitrogen.  Furthermore,  the  nitrogen-preheated  forging 
contained  more  total  nitrogen  than  the  argon-preheated  forging. 

The  most  significant  result,  however,  was  that  98-99%  of  the  gas 
in  both  forgings  was  hydrogen  (Table  72)  and  that  low  short 
transverse  toughness  was  associated  with  a  high  gas  content 
(Table  73) .  Although  densities  were  equal  within  experimental 
error,  careful  examination  with  scanning  electron  microscope 
confirmed  the  presence  of  more  porosity  in  the  forging  having 
lower  transverse  toughness  and  higher  gas  content  (Figure  62) . 

It  is  not  clear  why  this  particular  set  of  preheating 
conditions  gave  lower  gas  content.  In  any  case,  vacuum  preheating 
and  hot  pressing  has  substantially  improved  toughness,  especially 
in  the  transverse  direction  (Figure  41) . 
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Preheating  in  a  retort  with  no  gas  flow  gave  sub¬ 
stantially  lower  ductility  and  fracture  toughness  in  all  test 
directions.  Poor  fracture  toughness  in  this  material  (Table  69) , 
even  in  the  longitudinal  direction,  precludes  further  considera¬ 
tion  of  this  preheat  method. 

Atmosphere  furnace  preheating  with  argon  gave  lower 
transverse  fracture  toughness  (Table  69)  and  short  transverse 
ductility  (Tables  70  and  71)  than  retort  preheating.  One  possible 
explanation  might  be  in  re-gassing  of  the  compact  preheated  in  the 
atmosphere  furnace  due  to  atmosphere  dilution  with  moist  air  in 
the  furnace  when  the  furnace  door  is  opened,'^  and  due  to  exposure 
to  moist  air  in  transporting  the  compact  from  furnace  to  compacting 
cylinder  (3  to  5  minutes  in  air) .  The  effect  of  high  gas  content 
in  reducing  toughness  was  discussed  earlier. 

The  evidence  that  re-gassing  is  occurring  was  the  oxi¬ 
dation  of  the  compact,  presumably  from  air  penetration  into  the 
compact,  shown  in  Figure  63  and  Table  74.  This  re -gas sing  could 
affect  properties  in  up  to  84%  of  the  volume  of  the  forging,  with 
the  "A"  upset  and  draw  forging  (Figure  51)  serving  to  spread  the 
affected  region  along  the  entire  length  of  the  forging. 

Using  retorts  or  cans  for  individual  compact  preheating 
is  preferred  to  atmosphere  furnace  preheating  to  avoid  air  con¬ 
tamination  and  reduced  fracture  toughness.  Vacuum  preheating  and 
hot  pressing,  to  eliminate  exposure  to  air,  has  given  improved 
fracture  toughness  (Figure  41) . 


d.  Effect  of  Preheat  Temperature.  Increasing  pre¬ 
heat  temperature  from  950  to  1000  F  improved  transverse  ductility 
and  fracture  toughness  with  no  effect  on  longitudinal  properties 
(Table  75) .  Further  increasing  temperature  to  1050  F  generally 
decreased  transverse  NTS/YS  and  ductility. 

e.  Effect  of  Preheat  Time.  Increasing  preheat 
time  from  one  to  five  hours  had  no  appreciable  effect  on  fracture 
toughness  or  ductility  of  hand  forgings  (Tables  69,  70,  and  71) . 

f.  Effect  of  Hot  Compacting  Pressure.  Increasing 
hot  compacting  pressure  from  60  ksi  to  90  ksi  had  little  effect 
on  mechanical  properties,  as  shown  in  Table  76.  The  slightly 
higher  average  yield  strength  for  the  forgings  hot  pressed  at 

90  ksi  was  balanced  by  a  corresponding  decrease  in  fracture  tough 
ness  (NTS/YS) .  Part  of  the  decline  in  NTS/YS  with  increasing  hot 
compacting  pressure  was  the  result  of  an  incidental  increase  in 
exposure  to  argon  diluted  with  air.  As  shown  in  Table  77,  the 
experiment  had  an  accidental  bias  which  had  number  of  door  open¬ 
ings  (during  which  the  argon  atmosphere  was  diluted  by  air)  in¬ 
creasing  with  increasing  hot  compacting  pressure.  This  may  have 
resulted  in  gas  readsorption  in  the  compact  and  a  consequent 
decline  in  fracture  toughness,  as  shown  in  Table  77,  this 
increased  exposure  to  air  did  not  oxidize  the  compact. 

As  discussed  earlier  (Section  IIIB;  2f,  page  39) , 


decreasing  hot  compacting  pressure  below  90  ksi  severely  affected 
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quality  of  hand  forgings,  making  90  ksi  a  minimum  hot  compacting 
pressure  for  compacts  to  be  hand  forged. 

g.  Effect  of  Amount  of  Hot  work.  Increasing  hot 
work  resulted  in  a  marked  increase  in  transverse  fracture  tough¬ 
ness  (NTS/YS)  with  little  effect  on  other  mechanical  properties 
(Table  67,  Figure  64) .  Based  on  Figure  64,  it  is  desirable  to 
use  L  =  20  (reductions  of  95%)  or  greater  for  optimizing  trans¬ 
verse  fracture  toughness.  The  improved  fracture  toughness  appears 
to  be  partially  the  result  of  decreased  porosity  with  increasing 
reduction  (Figure  65) . 

3 .  Conclusions. 

a.  Increasing  alloying  additions  increased  strength 
but  decreased  ductility  and  fracture  toughness. 

b.  Increasing  powder  size  increased  strength  but 
markedly  decreased  ductility  and  fracture  toughness. 

c.  Nitrogen  gas  preheating  gave  forgings  with 
superior  transverse  fracture  toughness  in  hand  forgings  over 
forgings  prepared  with  argon  preheating. 

d.  Preheating  in  a  retort  followed  by  bare  compact 
hot  pressing  resulted  in  forgings  with  superior  transverse 
fracture  toughness  compared  to  forgings  from  atmosphere  furnace 
preheated  compacts. 

e.  Increasing  amounts  of  hot  work  substantially 
improved  transverse  fracture  toughness  in  hand  forgings,  notably 
from  75  to  90%  reduction. 
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f.  Preheating  at  1000  F  gave  superior  fracture 
toughness  compared  to  950  or  10-50  p  preheat  temperatures. 

g.  Increasing  preheat  time  from  1  to  5  hours  or 
increasing  hot  compacting  pressure  from  60  to  90  ksi  did  not 
affect  mechanical  properties. 


IV 


Plate 


A.  Properties  of  1.5"  Thick  Plate  from  170~lb  Compacts 

1,  Material  Preparation «  Hot  rolled  P/M  1.5"  thick 
plate  was  fabricated  for  evaluation  by  tlie  following  procedure. 

Hot  pressed  compacts  of  MA65,  MA66,  and  MA67  atomized 
alloys  were  prepared  by  a  procedure  outlined  in  Table  6  using 
specific  processing  conditions  for  each  compact  as  listed  in 
Table  78.  These  hot  pressed  compacts  v/ere  reheated  and  forged 
by  the  "A"  upset  and  draw  sequence  shown  in  Figure  51  to  5"  thick  x 
10"  wide  X  36"  long  slabs.  These  slabs  were  scalped  as  shown  in 
Table  79  to  approximately  3-1/4"  x  8-1/2"  x  31",  reheated  to 

700  F  and  hot  rolled  to  1.5"  thick.  This  plate  was  solution  heat 
treated  2  hours  at  920  F,  cold  v;ater  quenched,  stretched  and  aged 
as  shown  in  Table  80.  The  plate  was  sampled  for  properties  as 

shown  in  Figure  66  in  the  three  principal  directions,  notched 
tensile  strength  in  L  and  LT  directions  and  ST  direction  tensile 
bar  see  pe'^formance  in  the  accelerated  A, I.  test  per  Federal  Test 
Method  823  and  in  New  Kensington,  Pennsylvania,  atmosphere. 

2.  Results  and  Discussion.  The  mechanical  properties  of 
the  1-1/2"  thick  P/M  plate  are  summarized  in  Table  80,  while  the 

A. I.  see  performance  is  shown  in  Table  81.  Table  5,  Appendix  shows 
the  progress  of  New  Kensington  atmospheric  see  tests  to  date,  with 
up  to  258  days  completed  in  test  in  a  planned  4-year  test. 

The  P/M  plate  clearly  achieved  superior  strength  com¬ 
pared  to  I/M  7075  and  7050  alloy  plate,  as  shown  in  Figure  67. 
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However,  the  p/m  alloy  plate  was  inferior  in  fracture  toughness 
(NTS/YS) .  The  processing  for  this  plate  included  an  argon  pre¬ 
heat  in  an  atmosphere  furnace  followed  by  argon/air  hot  press; 
it  is  anticipated  that  vacuum  preheat/hot  press  compacting  will 
substantially  improve  fracture  toughness  in  all  directions,  as 
demonstrated  in  extrusions  earlier  (Figure  41) . 

After  30  days  in  A. I.  (Figure  68),  all  materials  tested 
were  superior  to  l/M  7075  in  the  combination  of  strength  and 
resistance  to  SCC.  MA67  was  the  best  of  the  materials  tested. 
MA66  was  superior  to  l/M  7050  and  to  MA65.  MA65  appeared  fairly 
similar  to  l/M  7050. 

After  84  days  in  A.I.  (Figure  69),  test  conditions  did 
not  permit  a  conclusion  on  the  relative  merits  of  the  materials 
at  stresses  of  35  ksi  and  higher.  At  25  and  30  ksi,  MA67  was 
superior  to  l/M  7075  and  I/M  7050, 

As  shown  in  Table  5,  Appendix,  the  P/m  and  l/M  alloys 
in  single-step  aged  tempers  and  X7050-T6X1  developed  SCC  early 
in  the  planned  4-year  test,  as  was  the  case  in  the  84  day  A.I* 
test  results  shown  in  Table  61. 

3.  Conclusions. 

a.  MA67  alloy  developed  a  superior  combination  of 
strength  and  resistance  to  SCC  in  plate  over  l/M  7050  and  7075 
alloys  as  well  as  the  other  P/M  alloys  in  accelerated  tests. 


b.  p/m  alloys  MA65,  MA66  and  MA67  all  developed 
superior  combinations  of  strength  and  resistance  to  oCC  after 
SO  days  A. I.  exposure  compared  to  l/M  7075. 

c.  p/m  plate  fabricated  from  inert  gas  preheated 
compacts  had  inferior  fracture  toughness  compared  to  l/M  7075 
and  7050  plate. 
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V»  Sheet 

A.  Properties  of  0.090**  Thick  Sheet  from  170-lb  Compacts 
1.  Material  Preparation.  P/M  0.090”  sheet  was  fabri¬ 
cated  for  evaluation  by  the  following  procedure. 

Hot  pressed  compacts  of  MA65,  MA66  and  MA67  atomized 
alloys  (Table  5)  were  prepared  by  a  procedure  outlined  in  Table  6 
using  specific  processing  conditions  for  each  compact  as  listed 
in  Table  82.  These  hot  pressed  compacts  v;ere  reheated  and  forged 
by  an  ”A”  upset  and  drav/  sequence  shovm  in  Figure  51  to  5”  thick  x 
10"  wide  X  36"  long  slcJjs.  These  slabs  were  scalped  as  shovm  in 

Table  83  to  approximately  2"  x  7-1/2"  x  24",  reheated  to  700  F, 

hot  cross  rolled  to  9"  wide  and  hot  longitudinally  rolled  to 

0.250"  thick.  A  section  of  this  0.250"  plate  was  reheated  to 
700  F  and  hot  rolled  in  one  pass  to  0.144"  thick.  This  sheet  was 

annealed  2  hours  at  650  F  and  cold  rolled  to  0.090"  thick. 

The  samples  listed  in  Table  84  were  solution  heat 

treated  1  hour  at  920  F,  cold  water  quenched,  stretched  1.8%, 
aged  5  days  at  room  temperature  plus  24  hours  at  250  F.  These 
materials  were  sampled  for  longitudinal  and  transverse  tensile 
and  Kahn-Type  tear  tests ^  and  for  exfoliation  corrosion  with 
machined  surfaces  exposing  planes  10%  below  rolled  surface  and 
mid-thickness  to  the  ExCo  test.®  The  effect  of  second-step  aging 
at  325  F  on  longitudinal  tensile  properties  was  determined  on 
samples  listed  in  Table  85. 


The  effect  of  annealing  temperature  on  grain  size  in 
the  0.090"  sheet  we  determined  to  be  as  shown  in  Table  86.  since 
920  F,  the  solution  heat  treatment  temperature,  gave  the  finest 
or  near  the  finest  grain  size,  no  separate  annealing  treatments 
prior  to  SHT  were  used  on  material  to  be  tested  in  a  heat  treated 
and  aged  condition. 

Properties  of  annealed  material  listed  in  Table  87  were 
determined  on  sheet  samples  annealed  for  one  hour  at  920  F, 
rapidly  cooled  to  750  F,  cooled  at  50  F/hour  to  450  F,  held  4 
hours  at  450  F  and  air  cooled  to  room  temperature.  Tensile 
properties  in  the  longitudinal,  transverse  and  at  45®  to  the 
longitudinal  direction  were  determined,  as  were  the  Strain 
Hardening  Coefficient^"^  (n  in  cr  =  and  the  Strain  Ratio' ^ 

=  bhlck^es'ri'tf^in^  directions  on  this  annealed 

material. 

2.  Results  and  Discussion.  The  mechanical  properties 
of  the  heat  treated  and  aged  tempers  of  the  P/m  0.090"  sheet  are 
presented  in  Tables  84  and  85,  while  the  tensile  properties  of 
the  annealed  sheet  are  shown  in  Table  87,  and  the  strain  harden¬ 
ing  coefficients  and  strain  ratios  in  Table  88.  ExCO  exfoliation 
corrosion  test  results  are  summarized  in  Table  89. 

While  p/m  alloys  MA66  and  Ma67  achieved  higher  strength 
than  i/m  7050,  the  latter  showed  superior  fracture  toughness 
(Trs/yS  or  U.P.E.  in  Table  84).  Ma65  alloy  showed  equal  strength 
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and  fracture  toughness  compared  to  7075.  MA66  alloy  achieved 
better  longitudinal  strength  than  l/M  7050,  but  only  matches 
i/m  7050  strength  in  the  transverse  direction.  All  of  the  P/M 
alloys  showed  inferior  strength  and  fracture  toughness  (Trs/YS) 
compared  to  i/m  7050  (Figure  70) .  However,  this  P/M  sheet  was 
fabricated  from  inert  gas  preheated  compacts.  On  the  basis  of 
the  effect  of  vacuum  preheat/hot  press  on  the  fracture  toughness 
of  extrusions  (Figure  41) ,  it  is  anticipated  that  incorporating 
this  preheat  in  compacts  for  sheet  will  substantially  enhance 
fracture  toughness. 

The  annealed  p/M  sheet  in  all  alloys  showed  strengths 
below  the  typical  strength  for  7075-0  and  ductility  above  typical 
7075-0  elongation  (Table  87) . 

The  strain  hardening  coefficient  and  strain  ratio  pro¬ 
vide  qualitative  ratings  of  the  relative  formability  of  sheet 
materials.  The  values  of  r\  and  R  shown  in  Table  88  for  the  P/M 
alloys  are  generally  typical  of  aluminum  base  alloys,  although 
the  coarse  powder  (50  uM  APD)  sheet  in  MA65  and  MA66  alloys  clearly 
show  high  n  and  R  compared  to  fine  powder.  On  this  basis  sheet 
from  coarse  powder  would  be  expected  to  be  more  formable  than 
fine  powder  (15  pM)  sheet.  This  potentially  favorable  forming 
characteristic  may  be  related  in  part  to  the  fine  grain  size  of 
the  coarse  powder  sheet  after  1  hour  at  920  F  (Table  86) . 
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MA65,  MA66,  and  MA67  showed  only  pitting  attack  in  ExCO 
even  when  exposed  for  twice  as  long  as  the  standard  test  for  7XXX 
alloys  (Table  89)  . 

3 .  conclusions. 

a.  p/m  MA65  developed  similar  strength  and  tear 
properties  to  l/M  7075. 

b.  i/m  7050  alloy  developed  superior  strength  with 
good  fracture  toughness  compared  to  the  P/M  alloys  and  i/m  7075. 

c.  P/m  0.090"  sheet  was  not  susceptible  to 
exfoliation  corrosion  at  up  to  88  ksi  yield  strength. 

d.  Coarse  powder  gave  finer  grain  size  in  sheet 
compared  to  fine  powder. 
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SUMMARY  OF  CONCLUSIONS 

1.  Alloy  MA66  (a1-8  Zn-2.5  Mg-1  Cu)  in  extrusions 
achieved  the  strength,  ductility,  fracture  toughness,  resistance 
to  stress-corrosion  cracking  and  exfoliation  required  for  the 
Target  B  combination  of  properties,  at  85  ksi  longitudinal  yield 
strength  (LYS)  (Table  90)  . 

2.  Alloy  MA67  (a1-8  Zn-2.5  Mg-1  Cu-1.6  Co)  in 
extrusions  fabricated  from  argon  preheated  compacts  had  the 
strength,  resistance  to  SCC  and  exfoliation,  and  fatigue  per¬ 
formance  required  for  the  Target  A  combination  of  properties,  at 
95  ksi  LYS  (Table  91) .  This  alloy  did  not  meet  the  elongation 
(11%)  and  fracture  toughness  (Kj^  =  26  ksi/in.)  objectives  for 
Target  A. 

3.  Alloy  MA66  in  extrusions  achieved  the  strength, 
ductility,  fracture  toughness,  exfoliation  resistance  and  fatigue 
performance  goals  of  the  Target  a  combination  of  properties,  at 
95  ksi  LYS  (Table  91) .  This  alloy-temper  did  not  meet  the  SCC 
goal  for  Target  A. 

4.  Vacuum  preheating  and  compacting  substantially 
improved  the  longitudinal  and  transverse  fracture  toughness  of 
p/m  extrusions  when  compared  to  extrusions  from  argon  or  nitrogen 
atmosphere  preheated  compacts. 

5.  Vacuum  preheated  MA83  (high  purity  base  a1-8  Zn- 
2.5  Mg-1  Cu)  extrusions  surpassed  the  transverse  plane-strain 


fracture  toughness  (K^.^)  and  ductility  of  l/M  (Ingot  Metallurgy) 
7050  and  7075  extrusions. 

6.  P/M  MA67  alloy  developed  a  superior  combination  of 
strength  and  SCC  resistance  compared  to  l/M  7075,  7178  and  7001 
alloys  in  extrusions. 

7.  p/m  MA67  alloy  developed  a  superior  combination  of 
strength  and  SCC  resistance  compared  to  l/M  7050,  7049,  and  7075 
alloys  in  die  forgings. 

8.  P/MMA67  alloy  developed  a  superior  combination  of 
strength  and  SCC  resistance  compared  to  l/M  7075  alloy  in  hand 
forgings. 

9.  p/m  MA67  alloy  developed  a  superior  combination  of 
strength  and  SCC  resistance  compared  to  7050  and  7075  alloys  in 

plate . 

10.  p/m  MA65,  MA66,  and  MA67  alloys  all  developed 
superior  combinations  of  strength  and  resistance  to  stress- 
corrosion  cracking  compared  to  l/M  7075  alloy  in  die  forgings, 
plate,  extrusions,  and  hand  forgings. 

11.  p/m  extrusions  at  up  to  95  ksi  LYS  and  P/M  0.090" 
sheet  at  up  to  88  ksi  LYS  was  resistant  to  exfoliation  corrosion, 
based  on  ExCO  accelerated  total  immersion  test,  i/m  extrusions 
7001,  7178,  and  7075  all  showed  inferior  combinations  of  strength 
and  exfoliation  resistance  compared  to  P/m  alloy  extrusions. 
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12.  p/m  mass  and  MAS7  extrusions  sustained  up  to  40% 
higher  fatigue  stress  than  commercial  7075-TS510  without  failure 
in  notched  fatigue  tests  (K-t  =  3,  R  =  0.0,  10®  cycles)  . 

13.  p/m  mass  extrusions  developed  smooth  specimen  fatigue 
performance  superior  to  7075-TS  extrusions  at  equal  yield  strength. 

14.  p/m  mass  and  MAS7  extrusions  developed  smooth  and 
notched  specimen  fatigue  performance  superior  to  7001-TS  and 
7075-TS. 

15.  p/m  mass  sheet  developed  comparable  strength  and 
fracture  toughness  (tear  properties)  to  l/M  7075-TS  sheet. 

IS.  p/m  alloy  die  forgings,  plate  and  hand  forgings 
fabricated  from  argon  preheated  compacts  had  inferior  fracture 
toughness  compared  to  i/m  7075  alloy.  Vacuum  preheating  is 
expected  to  substantially  improve  fracture  toughness  when  applied 
to  these  products. 

17.  Transverse  fracture  toughness  and  ductility  in 
extrusions  is  strongly  dependent  on  extrusion  density,  associated 
porosity  and  porosity  distribution. 

18.  Fine  powder  of  irregular  shape  (as  atomized  in  air) 
provided  maximum  extrusion  density,  transverse  ductility  and 
fracture  toughness  in  extrusions  from  inert  gas  preheated  compacts. 

19.  Hot  pressed  compacts  from  fine  powders  had  superior 
forgeability,  ductility  and  fracture  toughness  in  open  die  hand 
forgings  compared  to  coarse  powder  compacts. 
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20.  Among  inert  gas  preheats,  maximum  transverse 
fracture  toughness  was  achieved  by  furnace  or  retort  preheating 
followed  by  bare  compact  hot  pressing  preceding  hot  working. 

Exposure  to  air  in  transferring  compact  from  furnace  or  retort 
to  compacting  cylinder  should  be  minimized  to  prevent  oxidation 
of  the  compact  near  the  compact  surface. 

21.  Increasing  amounts  of  hot  reduction  substantially 
improved  transverse  fracture  toughness  of  hand  forgings  from  hot 
pressed  compacts  prepared  with  argon  preheating,  by  closing  up 
residual  interparticle  porosity  present  in  the  hot  pressed 
compacts. 

22.  Scalping  of  hot  pressed  compacts  prepared  with 
argon  preheating  is  necessary  prior  to  hand  forging  to  remove 
the  oxidized  surface  layer  and  thus  minimize  surface  cracking 
during  hot  forging. 

23.  Nitrogen  gas  preheating  gave  superior  degassing  of 
green  compacts  compared  to  argon  preheating  and  resulted  in  hand 
forgings  with  superior  transverse  fracture  toughness  compared  to  hand 
forgings  from  argon  preheated  compacts. 

24.  Preheating  green  compacts  in  nitrogen  or  argon 
prior  to  hot  pressing  improved  forgeability  and  mechanical  proper¬ 
ties  over  preheating  without  a  flowing  inert  gas. 


’  *  - *'  *  ^  'i  .t  " 


-59- 


... 


REFERENCES 


1.  Lyle,  J.  P.,  Jr.,  "Development  of  Aluminum  Base  Alloys  - 

Section  I  Final  Report,"  Contract  No.  DA-36-034-ORD-3559  RD, 
September  7,  1966. 


2. 


3. 


4. 


Haarr,  a.  P. ,  "Development  of  Aluminum  Base  Alloys  -  Section  II 
Final  Report,"  Contract  No.  DA-36-034-ORD-3559  RD,  December  20, 
1965. 

Haarr,  A.  P.,  "Development  of  Aluminum  Base  Alloys  -  Section  III 
Final  Report,"  Contract  No.  DA-36-034-ORD-3559  RD,  May  31,  1966. 

Cebulak,  w.  S.,  and  Truax,  D.  J. ,  "Program  to  Develop  High- 
Strength  Aluminum  Powder  Metallurgy  Products  -  Phase  I  -  Process 
Optimization  -  Final  Report,"  Contract  No.  DAAA25-70-CO358, 

March  12,  1971,  AD882-137L. 


5.  Cebulak,  W.  S.,  and  Truax,  D.  J. ,  "Program  to  Develop  High- 
Strength  Aluminum  Powder  Metallurgy  Products  -  Phase  II  -  P/M 
Alloy  Optimization  -  Final  Report,"  Contract  No.  DAAA25-70-C0358, 
June  1,  1971,  AD884-642L. 

6.  Lyle,  J.  P. ,  Jr.,  and  Cebulak,  W.  S.,  "Properties  of  High- 
Strength  Aluminum  P/M  Products,"  presented  at  The  Third  Air 
Force  Metal  working  Conference,  Western  Metal  and  Tool 
Exposition,  March  13-16,  1972,  Los  Angeles,  California. 


7.  Kaufman,  J.  G. ,  and  Hunsicker,  H.  Y. ,  "Fracture  Toughness 

Testing  at  Alcoa  Research  Laboratories,"  Symposium  on  Fracture 
Toughness  Testing  and  Its  Applications,  1965,  ASTM  Special 
Technical  Publication  No.  381. 


8.  Sprowls,  D.  0.,  Walsh,  J-  D.,  Shumaker,  M.  B. ,  "Simplified 
Exfoliation  Testing  of  Aluminum  Alloys,"  presented  at 
Symposium  on  Localized  Corrosion,  ASTM  Annual  Meeting, 

Atlantic  City,  June  1971. 

9.  Kaufinan,  J.  G.,  Schilling,  P.  E.,  Nordmark,  G.  E.,  Lifka,  B.  W. , 
and  Coursen,  J.  W. ,  "Fracture  Toughness,  Fatigue  and  Corrosion 
Characteristics  of  X7080-T7E41  and  7178-T651  Plate  and  7075- 
T6510,  7075-T73510,  X7080-T7E42  and  7178-T6510  Extruded  Shapes," 
APML-TR-69-255,  Contract  No.  F33615-67-C-1521,  November  1969. 


10.  Kahlow,  Kurt  J. ,  and  Avitzur,  Betzalel,  "Void  Behavior  as 
Influenced  by  Pressure  and  Plastic  Deformation,"  Lehigh 
University,  October  1971. 


-60- 


REFERENCES  (CONTINUED) 


Staley,  J,  T, ,  "Exploratory  Development  of  High-Strength 
Stress-Corrosion  Resistant  ^^luminum  Alloys  Usable  in  Thick 
Section  Applications,"  Air  Force  Contract  No.  F33615-69-C-1644 , 
Phase  II,  to  be  reported  in  Final  Report. 

Kunkle,  D.  A.,  and  Willey,  L.  A.,  "Densities  of  VJrought 
Aluminum  Alloys,"  Journal  of  Materials,  Vol  1,  No.  1, 

March  1966,  p  226. 

Hunsicker,  H,  Y. ,  "The  Metallurgy  of  Heat  Treatment," 

Aluminum,  Vol,  1,  American  Society  for  Metals,  Metals 
Park,  Ohio,  1967,  p  139. 

Suromerson,  T.  J. ,  and  Luhan,  J.  V. ,  "Development  of  7049-T73 
High-Strength,  Stress-Corrosion  Resistant  Aluminum  Alloy 
Forgings,"  presented  at  1970  VJESTEC,  Los  Angeles,  March  11, 
1970. 

Staley,  J.  T. ,  and  Hunsicker,  11.  Y. ,  "New  Aluminum  Alloy 
X7050,"  presented  at  ASM  Metals  Congress,  Detroit,  Michigan, 
October  18-20,  1971. 

Staley,  J.  T. ,  "Investigation  to  Develop  a  High-Strength 
Stress-Corrosion  Resistant  Naval  Aircraft  Aluminum  Alloy  - 
Final  Report,"  Naval  Air  Systems  Command  Contract  No. 
N00019-69-C-0292,  November  20,  1970. 

Nelson,  P.  G, ,  and  Winlock,  J, ,  "A  Method’ of  Determining  the 
Percentage  Elongation  at  Maximum  Load  in  the  Tension  Test," 
ASTM  Bulletin,  January  1949,  p  53, 

Rogers,  R,  W, ,  Jr.,  and  Anderson,  A.,  "Effect  of  Plastic 
Anisotropy  on  Drawing  Characteristics  of  Aluminum  Alloy  Sheet," 
Metal  Forming:  Interrelation  Between  Theory  and  Practice, 
Plenum  Publishing  Corporation,  New  York,  1971,  p  185. 

Kaufman,  J.  G. ,  and  Holt,  Marshall,  "Fracture  Characteristics 
of  Aluminum  Alloys,"  Alcoa  Research  Laboratories  Technical 
Papter  No,  18,  Aluminum  Company  of  America,  Pittsburgh, 
Pennsylvania,  1965. 

Private  communication  with  J.  T.  Staley,  June  19,  1972. 

Aluminum  Standyds  and  Data,  The  Aluminum  Association, 

New  York,  New  York,  December  1969. 


Table  1 
T/UIGET  A 


Measured  Properties 


Property 

Target 

9.0  Zn-2.5  M( 

Y.S.  (ksi) 

95 

94.8 

Kic  ksi/in. 

26 

192 

see  (ksi) 

25 

<25 

Fatigue^  (ksi) 

22 

30 

Exfoliation 

Resistant 

Immune 

Elongation  {%) 

11 

8 

Notes:  1.  Endurance  limit  for  smooth  specimen, 
rotating  beam. 

2.  Estimated  from  NTS/YS, 


WSC:km 

8-3-72 


Table  2 


TARGET  B 


Measured  Properties 


Property 

Target 

6.5  Zn-2.3  Mg-1.5  eu 

Y.S.  (ksi) 

85 

84.5 

Kjc  (ksi/in.) 

26 

00 

see  (ksi) 

25 

40 

Fatigue^  (ksi) 

Smooth  rotating  beam 

22 

30 

Smooth  axial  stress® 

34 

Notched  axial  stress® 

14 

— 

Exfoliation 

Immune 

immune 

Elongation  (%) 

11 

13.5 

i 

i 


Notes:  1. 

Endurance  limit. 

2. 

Stress  ratio  (R)  =  0.0. 

3, 

R  =  0.0,  K+.  =  3. 

4.  Estimated  from  NTS/YS. 
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Table  3 


TARGET  C 


Measured  Properties 


Property 

Target 

5.5  Zn-2.0  Mg 

Y.S.  (ksi) 

75 

75.2 

Kjc  (k si/in.) 

45 

332 

see  (ksi) 

42 

40 

Fatigue^  (ksi) 

22 

25 

Exfoliation 

Immune 

Immune 

Elongation  (%) 

11 

15 

Notes:  1.  Endurance  limit  for  smooth  specimen, 
rotating  beam  test. 

2.  Estimated  from  NTS/YS. 
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Table  4 

STRENGTH  AND  STRESS  CORROSION  PERFORMANCE  - 
TARGET  A  VS  Al-8.0  Zn-2.5  Mg-1.0  Cu-1.6  Co 
2"  DIAMETER  EXTRUSIONS 


Longitudinal _ Transverse _ 

Y.S.  y.s"!!  see  (sustained  streams) 


Target  A 


95  ksi 


I  Al-8.0  Zn-2.5  Mg-1.0  Cu-l.G  Co  95 


25  ksi 

81  ksi  5/5  Pass  at  25  ksi^ 


Note:  1.  S/N  =  Specimens  Surviving/Specimens  Tested  for  910  days 
in  New  Kensington  Atmosphere.  3/5  Pass  910  days  with 
40  ksi  applied  stress. 
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Table  6 

FABRICATION  OF  HOT  PRESSED  170- LB  COMPACTS 


Melt  and  Alloy 
Atomize 

Scalp  Powders 


See  Table  5 

See  Table  8 
Analyses. 

See  Table  8 


for  Compositions, 

for  Powder  Sizes,  Screen 

for  Scalping  Screens. 


Cold  Compact  Powders  -  Isostatically  cold  pressed  at  30  ksi 

to  yield  green  compact  8”  diameter  x 
42  "  long.  Compacts  76-80%  of  theoretical 
density.  See  Table  9  for  observed  compact 
densities. 


Preheat  Compacts 


Heat  in  flowing  argon  in  a  controlled 
atmosphere  furnace. 


Immediately  after  preheat,  hot  press  at 
90  ksi  in  a  Tapered  Cylinder  (see 
Figure  2)  to  yield  a  8.4  to  9.2”  diameter 
X  28”  long  compact. 
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EFFECT  OF  SECOND-STEP  AGING  TIME  ON 
LONGITUDINAL  PROPERTIES  OF  OCTAGONAL  EXTRUSIONS 

Second- 

Powder  Longitudinal  Properties 


Size^ 

Age^ 

T.S. 

Y.S. 

%  El. 

RA 

E.C. 

Sample  No. 

UM 

@  325  F 

ksi 

ksi 

in  4D 

% 

%  lACS 

MA65  Allov: 

6. 

5  Zn-2. 

3  Mg-1.5  Cu 

404877-ElSl 

15.6 

None 

99.2 

86.1 

8.0 

34.7 

404877-E1S2 

15.6 

2  hrs. 

90.3 

83.9 

10.0 

38.8 

404877-E1S3 

15.6 

13  hrs. 

85.0 

79.2 

14.0 

42.4 

404877-E1S6 

15.6 

16  hrs. 

78.2 

71.4 

12.8 

32 

404877-E1S4 

15.6 

20  hrs. 

75.2 

67.5 

13.0 

34 

404879-E2S4 

48.5 

None 

88.9 

83.2 

14.0 

27 

32.2 

404879-E2S5 

48.5 

2  hrs. 

89.0 

86.0 

13.0 

33 

34.5 

404879-E2S3 

48.5 

13  hrs. 

84.2 

78.6 

16.0 

38.5 

404879-E2S6 

48.5 

16  hrs. 

84.2 

79.9 

14.5 

40 

404879-E2S7 

48.5 

20  hrs. 

79.2 

73.2 

15.5 

46 

MA66  Alloy: 

8. 

0  Zn-2. 

5  Mg-1.0  Cu 

404880-E3S1 

16.5 

None 

100.8 

95.1 

12.0 

34.0 

404880-E3S2 

16.5 

6  hrs. 

88.9 

84.9 

16.0 

‘41.1 

404880-E3S3 

16.5 

16  hrs. 

81.4 

76.3 

16.0 

43.9 

MA67  Alloy: 

8. 

0  Zn-2. 

,5  Mg-1.0  Cu-1. 

6  Co 

404883-X4S1 

14.7 

None 

104.2 

98.9 

12.0 

32.3 

404883-X4S2 

14.7 

6  hr;:. 

90.2 

86.0 

13.0 

38.7 

404883-X4S3 

14.7 

16  hrs. 

83.9 

77.6 

14.0 

41.0 

404883-E5S1 

14.7 

None 

103.4 

97.4 

10.0  , 

:  2.  . 

404883-E5S2 

14.7 

6  hrs. 

89.7 

84.4 

11.0 

j-  .X 

404883-E5S3 

14.7 

16  hrs. 

83.4 

76.4 

14.0 

40.9 

404885-E6S1 

51.2 

None 

108.5 

103.4 

12.0 

30.3 

404885-E6S2 

51.2 

6  hrs. 

97.2 

91.2 

10.0 

34.8 

404885-E6S3 

51.2 

16  hrs. 

88.6 

83.2 

,  12.0 

37.6 

Notes:  1.  Average  Particle  Diameter  from  Fisher  Sub  Sieve  Sizer. 

2.  Solution  heat  treated  2  hours  @  920  F,  cold  water  quenched, 
aged  4-7  days  @  room  temperature  +  24  hours  @  250  F  + 
second-step  aging  as  shown. 
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TENSILE  PROPERTIES  OF  P/M  AMD  I/M  OCTAGONAL  EXTRUDEP  BAR  (EXTROSIOM  RATIO  -  IT.ltll 


Powder 

Preheat 

Second-  Electrical 
Step  Age*  Conduc- 

Longitudinal  Propertiea 

Transverse 

Properties 

Saaple  siae‘ 

Atma- 

hr«. 

tivity 

T.S. 

y.s. 

%  £X. 

NTS 

TaS. 

V.S. 

%  El. 

NTS 

No.  UM 

ohera^ 

•  325  F 

%  lACS 

kei 

kei 

in  4D 

Rof  A 

Vai 

NTSAS 

kei 

kei 

in  40 

Rof  A 

kkl 

NTSAS 

MkC5  hlloy:  Al-6.5  Zn- 

2.3  Ma-1.5  Cu 

* 

404817EU  15.6 

.Argon 

o' 

38.1 

04.5 

86.7 

8.8 

10 

109.8 

1.27 

83.6 

72.4 

8.6 

8 

54.2 

0.75 

404t77ElC  15.6 

Argon 

14 

43.2 

82.3 

76.6 

11.0 

18 

96.6 

1.26 

75.8 

68.2 

8.6 

16 

57.0 

0.84 

404l79Ea  48.5 

Argon 

None 

32.3 

89.4 

84.0 

14.0 

21 

114.5 

1.36 

84.2 

73.1 

7.0 

5 

53.1 

0.73 

404879E2C  48.5 

Argon 

19 

39.7 

81.0 

75.8 

15.0 

40 

106.9 

1.41 

76.4 

70.0 

5.4 

6 

56.6 

0.81 

>tt66  Alloy:  Al-8.0  Zn- 

2.5  Mo-1.0  Cu 

4C4880E38  16.5 

Ar9on 

0* 

33.6 

96.3 

94.3 

8.0 

9 

117.4 

1.25 

86.1 

78.7 

9.4 

7 

52.2 

0.66 

404880S3C  16.5 

Argon 

6 

40.7 

87.2 

84.2 

11.2 

26 

107.7 

1.28 

80.1 

74.2 

9.4 

22 

49.3 

0.66 

4041S2C  49.3  Nitrogen 

6 

31.0 

92.4 

90.2 

11.7 

27 

93.2 

1.03 

83.1 

80.8 

1.6 

3 

34.6 

0.43 

N)183  Alloy!  Nigh  Purity  Al-8.0  Zn-2.5  M-1.0  Cu 

(0.02  awx.  ea.  Fe, 

Si) 

4058117C  13.6 

Argon 

None 

33.4 

97.3 

92.6 

8.0 

— 

117.5 

1.27 

86.0 

76.8 

11.7 

19 

59.8 

0.78 

NA67  Alloyt  Al-3 

.0  Zn-2. 

5  Ma-1.0  cu 

4048S3X4C  14.7 

Argon 

None 

31.6 

104.8 

98.5 

7.5 

— 

76.1 

0.77 

90.8 

82.4 

3.5 

3 

40.0 

0.49 

404883E5C  14.7 

Argon 

None 

31,6 

102.6 

97.8 

9.0 

•a. 

78.4 

0.80 

91.8 

82.6 

4.3 

2 

38.0 

0.46 

404883E5B  14.7 

Argon 

0.5 

33.5 

99.6 

95.9 

7.8 

11 

88.2 

0.92 

89.8 

82.8 

7.4 

14 

43.7 

0.53 

404I83E4E  14.7 

Argon 

1 

34.0 

98.4 

94.9 

7.3 

16 

85.0 

0.90 

89.1 

83.4 

3.9 

5 

46.0 

0.55 

404885E6C  51.2 

Argon 

Nona 

30.1 

107.2 

103.9 

8.5 

•• 

85.8 

0.33 

87.7 

82.2 

3.1 

1 

35.5 

0.43 

404t85E6l  51.2 

Argon 

i 

33.5 

99.8 

97.4 

7.8 

14 

83.8 

0.86 

88.6 

84.3 

2.3 

2 

34.3 

0.41 

7001  Alloy,  Al-7 

.2  Zr.-2. 

8  Mo-1.9  Cu-0 

.2  Cr 

4052412C  1/n’ 

— 

None 

30.5 

103.8 

98.8 

7.0 

3.2 

1.15 

87.8 

79.3 

4.7 

7 

53.3 

0.67 

7178  Alloy,  Al-6 

<6  Zn-2. 

.4  Mq-1.9  Cu-0 

.2  Cr 

• 

405297K  1/H* 

— 

None 

31.7 

97.8 

91.2 

9.2 

12 

114.8 

1.26 

83.6 

73.9 

6.2 

7 

65.0 

0.88 

4052973A*  I/K* 

— - 

9.5 

37.4 

85.9 

79.9 

10.2 

24 

102.4 

1.28 

76.8 

70.5 

7.0 

10 

63.2 

0.90 

7075  Alloy,  Al-5.8  Zn-2. 

.4  Mq-i.?  Cu-0 

.2  Cr 

405295  5C  I/M* 

Hone 

30.7 

98.6 

86.9 

10.5 

13 

114.0 

1.31 

80.4 

71.8 

8.0 

8 

75.5 

1.05 

405295  5U  I/M* 

24 

40.0 

80.2 

73.4 

12.5 

34 

99.2 

1.35 

72.4 

63.9 

8.0 

13 

73.6 

1.15 

Hotea,  1.  Average  Particle  OiaBater 

froa  Fisher  Sub-Sieve  Sizer. 

2.  Kostatically  prasaed  170  lb.  graan  coapact  prahaatad  to  1000  f  in  flowing  argon,  hot  presaad 

at  90  ksi>  acalpad,  rahaatad  and  axtrudad,  axcapt  aa  noted. 

3.  Solution  haat  treated  2  houra  t  920  F  (P/M)  or  4  houra  9  870  F  (I/H) ,  cold  water  quanchad  (no 

atraaa  reliaf ) ,  naturally  agad  4'7  daya  +  24  >Kiura  9  250  F. 

4.  Haatad  up  to  325  F,  no  hold  C  325  F. 

5.  I/M  -  Ingot  Metallurgy.  Frooi  9*  diaaatar  O.r.  ingot  (production  plant  caat) . 

6.  I/M  -  Ingot  Hatallurgy.  Fron  11"  diaawtar  O.C.  ingot  (production  plant  caat) . 

7.  15  lb.  coaipact  prahaatad  in  a  retort  with  flowing  Na,  )iot  preaaad  at  90  )(ai,  extruded  with  12.4 

axtruaion  ratio.  SHT  2  )u;a.  9  920  F,  CHS,  aged  24  houra  •  250  f  +  6  houra  •  325  F  (fma  Table  43) . 
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Table  17 


EXFOLIATION  CORROSION  PERFORi  CE  OF  1/2"  X  6-3/8"  EXTRUDED  BAR 
IN  EXCO  TEST  FOR  48  HOURS  TOTAL  IMMERSION** _ _ 


Specimen 

NC. 

MA65  Alloy; 

404877-ElA 

404877-ElC 

404879-E2B 

404879-E2C 


Second- 

Step 


Powder  Ste| 

Size^  Age' 

UM  e  321 

Al-6.5  Zn-2.3  Mg-1.5  Cu 


Strength 


Exfoliation 


Age 

LYS 

TYS 

T/2 

@  325  F 

ksi 

ksi 

(El) 

,5  Cu 

None 

81.2 

76.2 

P 

16  hrs. 

67.2 

64.8 

P 

None 

83.3 

75.1 

P 

16  hrs. 

73.3 

71.1 

P 

MA66  Alloy; 

404880-E3B 

404880-E3A 


Al-8.0  Zn-2.5  Mg-1.0  Cu 


None 
3  hrs. 


MA83  Alloy:  High  Puritv  Al-8.0  Zn-2.5  Mg-1.0  Cu 


405481-E7B 

405481-E7A 


None 
3  hrs. 


MA67  Alloy:  Al-8.0  Zn-2.5  Mg-1.0  Cu-1.6  Co 

404883-X4B  14.7  None 

404883-E5B  14.7  None 

404883-X4A  14.7  4  hrs. 

404883-ji;5A  14.7  5  hrs. 

404885-E6B  51.2  None 

404885-E6A  51.2  7  hrs. 


405295-4C 

405295-4B 


Ingot 

Ingot 


None 
24  hrs. 


PB  E(A) 
P  P 


405297-4C 

405297-4B 


Ingot 

Ingot 


None 
10  hrs. 


{E{A)  E(A) 
P  P 


7001 

405241-lB 


Ingot 


E{C)  E(C) 


Notes:  1.  Average  Particle  Diameter  from  Fisher  Sub-Sieve  Sizer. 

2.  Firsts  step  aged  24  hours  9  250  F. 

3.  Exfoliation  Visual  Ratings:  N  -  no  appreciable  attack. 

P,  PB  -  pitting  or  pit  blistering. 

E  -  exfoliation.  A,  B,  C,  D  in  order 
of  increasing  severity. 

4.  ExCo  Test  -  48  hours  total  issnersion  in  25*C  solution: 

4  H  NaCl 

0.5  N  Potassium  Nitrate 
0.1  M  Nitric  Acid 
pH  »  0.4 

5.  T/2  >  mid- thickness  plane  of  extrusion. 

T/IQ  »  plane  10%  of  thickness  below  extri’jiion  surface. 


Table  18 


GENERAL  FABRICATING  PROCEDURE  FOR  P/M  EXTRUSIONS 


Comments 


Generally  atomized  with  air. 

Screened  to  remove  oversize. 

Powders  cold  pressed  by  a  wet  bag  isostatic  method 
with  30  to  60  ksi  applied  compacting  pressure. 

All  green  compacts  heated  to  1000  F  and  held  @ 

1000  F.  Immediately  following  preheat,  compacts 
were  hot  pressed  and/or  hot  worked. 

Compacts  extruded  from  6-3/8"  or  7-1/2"  diameter 
cylinders. 
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Notes;  1.  Average  particle  diameter. 

First  step  aged  24  hours  at  250  F 
3.  No  tests. 
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Tabi*  30, 

TENSILE  AND  NOTCHED  TENSILE  Pj^PERTIES  OF  Cu-FREE 
-  ■  ■  P/M  7XXX  ALLOY  EXTRUSIONS  .  . . 


Powder 

Second- 

Longitudinal 

-  Transverse 

Sample 

Size 

Quench** 

Step.  Age’ 

T.S. 

y;s. 

%;E1. 

T.S. 

y.s. 

%  El. 

No. 

UM 

•F/sec 

@  30b  F 

ksi 

ksi 

in.  4D 

NTS/YS 

-ksi. 

ksi 

in  4b 

NTS/YS 

;Al-9.3  an-2.5 

Mg 

39^604-iD 

15.9 

160 

None 

91.3 

91.1 

7 

i.bo 

84.6 

80.7 

4 

.59 

399604-iB 

15.9 

160 

6  hrs. 

86.4 

85.4 

11 

1.15 

79.2 

73.0 

6.5 

.51 

3996b4-lC 

15.9 

160 

18  hrs. 

79.7 

77.6* 

14* 

1.32 

73.4 

68.5 

10 

.83 

399604-30 

15.9 

3 

None 

65.8 

56.0 

14 

1.74 

58.9 

49.2 

9 

.91 

399664-3B 

15.9 

3 

6  hrs. 

65.0 

56.7 

14 

1.62 

60.4 

50.4 

8 

.75 

39960S-1D 

46.0 

160 

None 

91.8 

90.7 

8 

.77 

84.5 

82.1 

2 

.41 

399605-lB 

46.0 

160 

6  hrs. 

88.8 

87.8 

8 

.81 

82.2 

78.2 

1.5 

.45 

399605-ic 

46.0 

160 

18  hrs. 

82.5 

80.5 

13 

1.20 

76.4 

72.8 

5 

.44 

399605-30 

46.0 

None 

78.5 

73.6 

9 

.92 

75.8 

69.1 

2 

.42 

399605-3B 

46.0 

3 

6  hrs. 

79.3 

74.4 

8 

.94 

71.7 

67.0 

2 

.49 

398761-Al 

16.9 

160 

None 

96.4 

92.6 

10 

.97 

S9.5 

78.0 

7 

.67 

39e761-A2 

16.9 

160 

6  hrs. 

79.4 

75.2 

13 

1.19 

78,8 

73.0 

4* 

.68 

396761-A3 

16.9 

160 

16  hrs. 

71.7 

65.5 

15 

1.36 

73.7 

67.5 

5 

.66 

398761-81 

16.9 

3 

None 

71.7 

59.4 

14 

1.45 

65.1 

52.8 

5 

.57 

398761-82 

16.9 

3 

6  hrs. 

63.8 

54.4 

12 

1.35 

62.4 

49.8 

8 

.81 

AI"9.2  2n~2.4  Nt^-0.81  Co 


399606-iD 

15.0 

160 

None 

89.6 

88.2 

10* 

1.14 

89.2 

81.0 

4 

.47 

399606-lB 

15.0 

160 

6  hrs. 

85.8 

84.6 

12 

1.17 

80.0 

74.5 

6 

.64 

399606-lC 

15.0 

160 

18  hrs. 

79.7 

77.6 

12 

1.28 

73.5 

68.6 

9 

.73 

399606-3D 

15.0 

3 

None 

57.0 

53.7 

2- 

1.47 

57.2 

48.8 

9 

.92 

399606-3B 

15.0 

3 

6  hrs. 

62.6 

54.7 

14 

1.43 

58.1 

49.8 

6 

.81 

399607-iA3 

45.0 

160 

None 

99.6 

99.0 

8 

.70 

86.4 

83.4 

2 

.35 

399607-Ul 

45.0 

160 

6  hrs. 

94.5 

92.4 

14 

.86 

85.1 

77.6 

4 

.48 

399607-U2 

45.0 

160 

18  hrs. 

85.1 

83.6 

16 

1.29 

77.4 

72.6 

4 

.53 

399607-2A3 

45.0 

3 

None 

84.0 

78.6 

10* 

.83 

72.6 

67.6 

2 :  f  2 

.32 

399607-2A1 

45.0 

3 

6  hrs. 

79.2 

72.6 

10 

1.01 

68.9 

65.1* 

2* 

.34 

Ai-8.8  Zn-2.6  N( 

I-l.O  Cu-0.80 

Co 

393763-Al 

14.8 

160 

None 

100.8 

95.9 

10 

.75 

90.0 

81.4 

8 

.50 

398763-82 

14.8 

160 

6  hrs. 

87.6 

83.9 

14 

1.00 

82.1 

76.4 

10 

.57 

398763-A3 

14.8 

160 

16  hrs. 

81.4 

75.9 

16 

1.13 

75.6 

67.9 

10 

.69 

398763-Bl 

14.8 

3 

None 

63.8 

50.8 

14 

1.35 

57.9 

46.3 

12 

.98 

398763-B2 

14. e 

3 

6  hrs. 

57,4 

48.0 

15 

1.43 

53.5 

44.3 

12 

1.07 

Notes:  1.  Single  specimen,  all  others  average  of  duplicate  specimens. 

2.  Failed  outside  of  gauge  length. 

3.  399604-399607  first-stop  aged  48  hrs.  @  250  F,  second-step  aged  @  300  F. 
398761  and  398763  flrst-ste^  aged  24  hrs.  @  250  F,  second-step  aged  19  325  F. 

4.  Quench  rate  from  solution  heat  treat  temperature  -  Rate  from  750  F  to  550  F. 

HSC/lmk 

8/15/72 


it 


03  0 

4J  in 

<0  0  m 


4J 

(0  CO  in 

>  (1)  M 

at 


h 

0)  0) 

-g  N  a 

S  "H  3. 

0  CO 
(U 


0 

H  0 

o 

O' 

> 

%  % 

o 

O 

in  c'4 

S  r*^ 

M 

nj 

n 

O  AD 

X 

H 

H.  H 

,0 

0 

>  m 

>  •% 

ro 

m 

r'  o 

VO 

o 

O 

(N  nj 

VO  o 

O 

O 

»  H 

tN 

CM 

• 

CM 

03  •> 

X 

ro 

nj  H 

in  00 

0 

CM 

00 

CM 

CM 

00 

TJ 

0 

VO 

X 

o 

O  H 

-P 

'0' 

H 

O 

o 

^  • 

*  M 

^  % 

O 

O 

a  to 

03  1-1 

in 

CM 

CM 

p 

m  * 

in  o 

X 

P  10 

*  fN) 

»  f-M 

0 

0 

to  fi 

M  H 

ro 

ro 

0) 

m 

M  CM 

Eh  03 

ro 

rH 

H  ‘H 

n)  to 
M  c 
0)  0) 
.  >0  -P 
P  0) 

0)  b  M 
•P  (U 
0)  P  +> 

I 

°  §S 

(1)  -H 

H  -P  s 

0  3  ro 

•p  H  \ 
P  0  H 
M  ,C0 
3  0) 

CM  H  to 
U  P 
0)  n)  0) 

a  > 

(0  to 
P  ^  c 
(U  in  10 
>  •  p 

<  n  E-i 


H  N  m 


OV  O 

O  O 

ov 

00 

•  • 

•  • 

• 

• 

•  » 

in  VO 

in  in 

VD 

CO 

H  -vl* 

H  ^ 

H 

H 

0) 

-I 


0) 

43 

03  03 

3 

C 

3 

C  3 

O 

P 

P 

O  0 

rH 

H 

i3 

iz  % 

• 

CM 

« 

PQ 

CO  < 

H 

CM 

H 

rt 

rH  H 

< 

< 

1 

1 

1  1 

1 

1 

03 

'O' 

in 

VO 

f— 1 

ro 

H 

o 

o 

o  o 

VO 

VO 

ft 

VO 

VO 

VO  VO 

f'* 

03 

03 

03  03 

00 

00 

10 

03 

03 

03  03 

03 

03 

to 

ro 

ro 

ro  ro 

ro 

ro 

-72 


-U.v.LUW-, 


N 

ro 


0 


fi 

ni 

Eh 


W 

fii  Cu 

o  a 

fe  CD 

w 


05 
g« 

o  d 

p<  ^ 


>* 

o 

hi 


b! 


CO 
H  H 


^1 
U  b 


H 

b 


b 

O 


PQ 


a 

s 

o 

b 


◦  (X 


3  rt! 


O 
H  b 


EH  „ 
H  d 


10 

o 


o 

O  b 


d 


05 


H 


05 


H 


4J 

.<1) 


Sj 


u 


VH»h 
0)  0) 

-S  N  g 

B-rl  73. 

CO 

b 


■P  0 
O  g 
b 


0) 

rH  ♦ 

b  0 
6  g 

CO 


in  lO 
in  m 
m  o 


(M  CM 

o  o 
o  o 


c\  a\ 

'ij* 


lO  ID 


H  in 

CM  CM 


CM  CM 


CM  CM 

in  in 


in 

o  o 
o  o 


in 

o  o 
o  o 


lO  o 


in  in 

rH  '4' 


a\  <n 

T;t'  ^ 

in  in 


o 


in 

r- 

o 


in  in 
o  o 


u 

(U 
tD 
•  S 
o  o 

O  b 


o 

11 

g  a 


c 

o 


p 

(1) 

4J 

(U 


•iH 

to 

>i 


(d 


•rt 

Q 


C 
O 
H  -H 
U  -P 


H  I 


U 

•H 

■P 

U 

<0 

b 


(d 

> 

•rl 

■P 


>1  P 
H  4J 


a) 


(d  3 
_  C  (U 
O’  <  g 
(d 

u  -P 
0)  rH 
>  (L 


■P 

(fl 

(d 


g  b 


H  CM  CO 


(0 

(U 

+J 

£ 


b^o)  I 

c  c 

•H  (U 

b  0) 
H  U 
(d  o 
O  CO 
CO 


•p 

•a 

<u 

n 

(0 

•fH 


pr^ 


r 

b 


o  "d* 

O  CM 


CM  CM 


^  rH 
CO  rH 


O  CM 

•  » 

CM  VD 


CO  't 


ro  m 

ro 


O  'd' 


O 


ro 


O  00 


o  in 


P 

0) 

N 

■rl 

CO 


0) 

> 

(1) 

•iH 

CO 

I 

A 

3 

to 


P 

(U 

A 

(0 

•rl 

b 


E 

O 

P 

<P 


P 

0) 

4J 

(U 


W  • 

C  (0 
(U  ti 
0)  0) 
P  0) 
(UUP 
rH  CO  U 
CO 


•H 

Q 


u 

•H  TJ 


■P 
P 
(d  TJ 


P  w 
Id  (U 


b  c 


•rl 

P 


ID  O 

Id 

(U 

N  g 

»  • 

(U 

p 

CO 

•H  a 

in  m 

CO 

CO 

rH  'd' 

(d 

P 

p 

• 

(U 

(U 

CO 

rH 

> 

» 

>H 

fdj 

Eh 

■u 

(U 

rH  rH 

N 

• 

• 

• 

(U  -H 

•P  E 

1  1 
^d*  'd' 

rH 

CM 

ro 

(d  0 
Q  -P 

rH  rH 

1  1 

•  • 

< 

in  in 

in 

<u 

p 

0 

« 

(Ti  cr» 

g 

P  0 

'd*  ^ 

0  g 

in  in 

b 

rH  rH 

<u 

rH  in 

rH 

b  • 

O  O 

E  0 

in  in 

(d  g 

o  o 

CO 

.  -vv  ,.ivuuumi 


E 


u 

CO 


CM 

I 

'd' 

I 

00 


i 

J 


^-•j' 


n 

fO 

0) 

H 

Xl 

(Q 

Eh 


.9 

0 

•H 

to 

• 

rH  CO' 

H**  r- 

0 

O  OV 

H  O 

P 

a 

rc  H 

M  fH 

P 

u. 

VO  VO 

VO  VO 

o 

n 

9 

0  P 

fl) 

M 
3‘H 


9  Ai  (0  0) 
M  10  (0;i< 
-P  0)  0) 

X  M  P 
u  m  P4 


iO 

C 

0  • 

•rt  (0 
•P*H 
O  *0 
0) 

W 


Sv. 

•H  a 
m  '0 
P  c 

U  tI 
4J  H 
X  >i 
H  U 


Oi 

SPm 

0)0 

Eh 


4i 

0 

n 


in 
•P  0) 

U  P 
flj  9*H 
Pi  (0  CO 

E  to  a: 
0  0) 

U  M 
(U 


•n 

iH 

8 


+>4- 
rt  *0 

0)  o 
AS  ja 
0)  -P 

Pi  S 


crj 

dt^ 

0  -H 
0)  (0  OP 
P  C 


CM 

•P  0) 

U  P 
itJ  9*H 
Pi  (0  to 
£  to  AS 
O  0) 

U  P 
Pi 


PrH 

i!  - 
•0  N  a 

0  CO 
Pi 


9) 

H  • 

PiO 

I  a 
n 


— .n 
in 


r*  r* 
•  • 

in  uS 

lO  VO 


o  o 


e  s 

o  o 


M  nt  N  M 


o  o 
o  o 


o  o 
o  o 
f" 


o  o 
ov  ov 


o  o 
ov  ev 


P  Pn 

to  to 

to  CO 

ns 

P  P 

p  p 

fl)  fl)  o 
AS  g  O 

AS  A) 

AS  AS 

fl)-H  O 

r-  ro 

in  ov 

P  Eh  H 

•  • 

•  • 

Pi 

H  CM 

CM  H 

% 


H 


U 


Hf  5r  00  o 


00 

00  00 


VO 

00  00 


o  o 

VO  VO 


o  o 

VO  VO 


VO  VO  o  o 


in  in 
H  H 


H  HJI 
I  I 
H  H 
t^  t>* 
O  O 

in  in 
o  o 


in  in 

Hf  "U* 


H  HJ* 
I  I 
in  in 
r-  r* 
o  o 
in  in 
o  o 

H** 


HiiiM 


• 

0) 

9 

tr 

•H 

9 

AS 

u 

0) 

Eh 

Di 

9 

•H 

CO 

CO 

a) 

p 

Pi 

U 

•rl 

-P 

Its 

+> 

to 

0 

CO 


pi 

ns 

n 


•P 

u 

ns 

Pi 

i 

u 

0) 

p 

ns 

A) 


9 

0 

•rl 

to 

s 

•p 

X 

0) 


c 

CO 

\ 

0 

CO 

Oi 

1 

p 

VO 

•  ns 

9 

0  tx> 

•H 

O'  9 

P  ‘H 

TS 

ns  > 

fl) 

0 

to 

D'l-I  • 

CO 

9  4h  P 

fl) 

•H  fl) 

p 

!>  AS  fta 

a 

-  ^  9 

i-l  •rl  'rl  4^) 

tP  >  H  0 
A3P 

to 
9 
ns 


•  P 

P  ID 
0)  S: 

4^ 

(D  ns  H 


P  ns 
•H  fl)  9 

>  a;  0  .. 

(D>rl  U 
CO  P  CO 
W  P|3  -c 
fl)  P  -H 
p  fl)  p 
Pi  U  X  to 
ns  0)  P 


*  P  9 
0  P 


i  ^  nSAS  9 

W  >i  O  \ip 


’H  JQ  'H  P  IQ 

Q  p  ns  fl)  fl) 

*9  fl)  fl)  P  CO 

fl)  fl)  P  AS  fl)  CO 

■  p  o  fl)  AS  fl) 


o 

ns 

i" 

o 

u 


u  ns  fl) 

as-s 

M  h 
ns  PiUh 
Pi  0 
CO 

(DPP 

5*  ^ 
ns  ns  fl)  PS 

p  Pi  o  < 

S’  g  ^  3 

>  0  fl)  « 
<  U  Pi  O 


H  N  ro  Hji 


P  Pi  P 
Pi  to  Pi  CO 
O  P 
0 

.  _  ns 
ns  a:  Pi 


c  g  p 

ns  -P  0 


fl) 

p 

9 

9 

•H 

fl) 

fl) 

4H 

CO 

P 

ns 

tJ 

fl) 

>0 

9 

P 

P 

g 

I 

0 

•H 

P 

& 


I  I 


9 

0  • 

•rl  IQ 
CO  fl) 

S.S 

■p  ^ 

— .  X  P 

g  P  U  fl) 
O  fl)  P 
0  >0  fl) 
9  H  03 
fl)*H  •• 


u 

p  H  CO  P 

u 

ns  ; 

>1  •  0 

Pi 

n  1 

DC^  55 

• 

•  • 

in 

VO 

CO 

fl) 

P 

0 

ss 


n) 

AS 

>0  I 
•  •  VO 
U  H 
CO  I 
S  CO 


0)  a 

to  rH  <> 
U  M  ^ 

d)  c 

>  -H 


n)  u 

d  H  << 
•H  M  _ 
>0  d 


d  CO-H 

0  •  to 

i-q  X 


1 

rx}  cun 
d  0  0)  in 

0  +)  tr  cM 
o  tn  i<  n 
0) 

w  ® 


Sm 

•H  d 
to  0)  c»P 
3  tP  • 
U 
4J 

X  O 
H 


*0  N  s 

B*H  3. 
(0 
(l4 


cn 

O  rH 

<n  VO 

00  in 

VO  in 

in  ^ 

4  * 

»  • 

•  • 

o  o 

6  b 

b  o 

o  o 

b  o 

o  o 

•  • 

•  « 

•  • 

(T\  CM 

CM 

vO  CM 

^  00 

^  VO 

o  a> 

t  • 

»  • 

•  • 

00  cn 

00  r' 

<n  in 

\0  lO 

vO  vO 

VO  VO 

cn  (T> 

cn  cn 

•  • 

•  • 

«  * 

cn  iP 

00  H 

in  00 

r' 

VO 

<n  o 

rH 

rH  ^ 

CO  CO 

CM  CM 

^  CM 

«  « 

•  • 

•  • 

rH  rH 

rH  rH 

rH  rH 

O  O 

CM 

O  O 

•  • 

*  * 

•  • 

CM  ^ 

CM  CO 

vO  CO 

rH  rH 

r-i  rH 

rH  rH 

00  00 

«;}■  «;}' 

VO  rH 

•  • 

•  « 

«  • 

H  CM 

CM  CM 

IT)  tn 

00  00 

CO  00 

f'  r' 

o 

rH  tn 

00 

♦  • 

*  « 

«  * 

O  00 

O  00 

t-H  CO 

cn  00 

cn  00 

00  00 

(DO)  (1)  (U 

d  d  d  d 

o  o  0  0 

a  izi  a  a 


d  H- 

o  > 

•H  P 

cn 

tn  -H 

o  m 

ov 

3  tn 

CM  rH 

H  O 

r-l 

o 

M  d 

o  o 

O  O 

o 

o 

P  0) 

rH  rH 

rH  rH 

iH 

rH 

X  P 
ft 

•  « 

*  t 

• 

« 

•rl  •  to  0) 

to  d  M  .P 

0-riXi 
M  O  g 
p  •  ,d  o 
X  3  o 

W  ^  ni  p 

tw  •  P 

0  to  0  3 

A  'u 

to  IH  to 
•H  t5  X 
to  on) 
X  M  p  na 
i-H  o  n) 
n)  ft  0) 

0)  p  >0 


o  (U  O  3  3 

i  P  -H  O  O 

(3  0  p  ^  ,d 

•H  d  nJ  0  'O 

Q  p  >  d  d  0) 

0  -H  o  o  ,C  • 

0)  O  P  3  -H  o  ft 

H  ft  q  cr  p  d 

u  <  1  3  o  o 

•rt  »  to  H  3  in 

p  m  d  nJ  o  o’  CM 

n  n  0  to 

3  M  d  ® 

ft  0)  p  -H  d  0) 

H  3  o  P  to 

o  0)  X  -H  (5  M 

tn  3  !zi  p  to  >  3 

n)  EH  -H  3  O 

U  P  to  M  03  ,3 

o  0)  to  d  P  H 

>  0  rtJ  0)  X  O  'd' 

<  W  ft  Q  ft  O  CM 


•  t  •  •  • 

iH  cvj  ro  ^  in 


-72 


S  CO 
~  rvi 

§ 

a 

•H 

+3 

•rt 

U 

O 

cu^ 

e 

EhS 

s 

C) 

ir\ 

CO 

(U 

H 

•§ 

EH 


'  '  ^  ^  t  1  ' 


O  g  o  o 


o  o 


0\QMrr'^ 


•  •  •  • 

VOVD  VDVO 


ir\  lA  o 

CM  CM  CO 


CM  CM  CM  CM 


CM  CM  ON  CO 
lA  lA^  lA 

*  .*  *  * 

H  H'H  H 


•H 

M  CO 
♦H  ClJ 

a  o 

o 

<*i 


ci  a 

(U  (U 
M  hD 
O  O 

u 

•p  -p 
•H  ‘H 

s  &; 


!h 

I 


ll 


s 


■p  • 

p  fi 

pi<  s 


0) 

H 

& 


Cd 


VO  o  00 


lA  lA  lA  CM 
H  H  lA 


C3N  C3N  CTN  CTN 


lA  lA  lA  lA 

H  H  H  H 


H  lA  CO  t> 


O  O  O  O 
lA  lA  lA  lA 

o  o  o  o 


lApJ-. 


01  W-CM  CM 

8  88:8 


o  o  o  o 
o  o  o  o 


o  o  o  o 
o  o  o  o 


O  <D  O  O 

o  o  o  o 


•  •  •  • 

VOMO  VO  VO 


lAVO  O  VO 
CM  CM  CO  CM 

#  •  .  •  • 

CM  CM  CM  CM 


CM  J-VO  CM 
lAlA  lA  lA 

•  •  •  • 

H  H  H  H 


lA 

p^-d■ 

J- J-  lAJ- 

<u 

o  o 

88 

O  O  Q  O 

P*4 

o  o 

o  o  o  o 

•  • 

»  • 

•  •  •  • 

lA 

t>  r.- 

-d-  co-d-  CO 

•H 

o  o 

o  o 

O  O  Q  O 

OQ 

o  o 

o  o 

o  o  o  o 

•  • 

•  « 

•  •  •  • 

§gii 

bo  bo  ’H  'rH 
fH  H  H  H 
«q  <0  (U  OJ 
W  W 


O  O  lA 


O  OPJ-  H 
CM  lAH  lA 


O  O  O  O 
lA  lAlA  lA 
lA  lA  lA  lA 
H  H  H  H 


CMVO  Pt  00 
l>- 

OO  O  O 
lAlA  lA  lA 
“  *  O  O 


Sh 

0) 

.9 

to 

d> 

>• 

0 

•H 

CO 

i 


0 

H 

O 

O  .H 
O  -P 


o 

II 

*H 

EH 

il 

fH 

o 

11 


u 

0 

I 


fH 

0 

p 

o 

w 

•H 

CO 

•H 

S 

CO 

>? 

O 

0 

-P 

0 


'rl 

P 


>01 

0 

-P 

cO 

6 

•H 

w 

0 


0 

0 

n 


w  CM 
CS  tH 
O 


H  CM  CO-d- 


Oi 

0 

■P 

O 


WSCids 

9l2S!lz 


.3^ 


tnm. 

a‘.G 

H  4) 

6 

O  ^ 

Ol  4) 

O  rji 

b 

H  V4 

O  M 

OfM, 

O 

>ts  O  N 

■  Id  O 

u  to 
to 

•H 

H 

rH 

H 

VO 

<n 


•S 


i 


(A 

•H 

U) 

<0 


N  M  vO  «)< 


^  H 
00  H 


«M  O 
OV  H 


0)  o 

1.3 1 

0  w 

Pt 


S’ 

♦H 

N  (/) 
•M  (d 

g  o 


CM  N 


M  VO  VO  H 
f-l  H  H 


00  ^  OI  00 


O  ^‘  00  ^ 
-•>.•'•  • 
in  00  N  N 
00  OV  H 


oM  VO  VO  va* 

«  •'  «  • 

M  in  in  00 


00  VO  VO  OJ 


MinHfO  CvJfvlHO 

n  n  ^  to 


o  <a<  o  VO 
•  •  •  • 

o  H  o  in 

to  to 


O  00  O  VO 

•  «  «  • 

o  in  o  00 


a 

VO  O  00  o 

•  «  *  t 

in  m  in  cs 
H  H  in 


fi  a 
(U  <u 
H  n  tn  & 
•H  "H  o  0 


O  00  o  <M 

•  •  •  • 

b  o  o  I'. 

to  to 


O  VO  o  o 

•  *  •  • 

O  CVJ  O  M 


o  o  in'^ 

•  •  •  • 

O  O  ^  H 
m  in  H  in 


<  < 


an 

•H  -H 

z  z 


§gM 

t|i  O'  ’H  *H 
*  H 
Q>  <U 
»  » 


W' 


VI 

0) 

N 

•rl 

W 

« 

> 

0> 

•H 

CO 

I 

•§ 

to 

VI 

0) 

to 

•rl 

Pi 

s 

a 

M 

(U 

+> 

0) 

I 


t3 

to  V 


•H 

4) 

G 

V) 

■d 

iH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

a 

41 

41 

Id 

f' 

t^ 

r- 

f' 

f* 

U 

41 

i 

a» 

N 

1 

1 

1 

1 

1 

1 

1 

1 

0) 

0 

M 

•H 

4J 

•H 

in 

in 

in 

m 

rH 

CO 

0 

■p 

IT5 

rH 

H 

rH 

H 

rH 

rH 

rH 

rH 

U 

CO 

to 

Q 

1 

1 

1 

1 

1 

1 

• 

1 

•H 

OJ 

H 

■P 

in 

in 

in 

in 

in 

in 

m 

in 

+> 

VI 

to 

< 

U 

Ml 

Id 

41 
_ 1 

1 

§ 

V  VI 

DV  to 
to 


tn 

ov 

OV 

OV 

o 

o 

o 

o 

p 

• 

■P 

* 

vf 

'4< 

in 

in 

in 

in 

4) 

CO 

0 

0 

in 

in 

in 

in 

in 

in 

in 

in 

> 

• 

Oi 

z 

H 

r-l 

H 

H 

H 

H 

H 

H 

lo; 

b 

M  0) 
fl)  H 
CO  Id 
U 

VI  to 
4) 

H  IH 
>1 IH 
H  O 


H  (V)  to  ^ 


0) 

rH  • 
Oi  0 

§  ^ 
CO 


H  in  to 

CN  VO  00 

•  • 

B  ts 

r*  r-  t'. 

r*  r*  r-  f' 

to 

H  r' 

o  o  o  o 

o  o  o  o 

w 

in  in  in  in 

m  in  in  m 

■p 

o  ^ 

o  o  o  o 

o  o  o  o 

0 

S2  ^ 

^  ^  ^  tr 

^  ^  ^  ^ 

z 

Z  00 

AMOUNTS  OF  OXIDE:  SECOND  PHASE.  PARTICLES 


I,  i: 

\D^  VO' 


CVJ  CVJ' 

vo:  VO 


O  O  O 

VO  VO 


^  ^ 
•H  *H  »H 
<  <  < 


* 


o  o  o 

^  lf\  lA 

o  o  o 

*ir 


VO  CO 
if\  VO 


H  H  H  H 


S\S\ 


CO  0 

CO  CO 

• 

CO 

t  • 

CO 

U  h 

0 

3  A 

3  A 

5 

3 

t-vo 

H 

0 

CM 

•  • 

.•  -• 

» 

• 

H  CM 

CM  CM 

CM 

CM 

<u  a  w  <u  a  w 

llg 

so  at) 


ojoivab] 


a  a  ci  a  p 

o  o  o  <  E 

a  a  a  u 


II  s§g 


5  fi  fi  < 
a  a  a  o 


a  t:  a 
o  a  o  a 
a  o  a  o 


3  00  00 


t-vo  t- 

J-00O3 


O  O  lAVO  00 

moo  00  00  00 


o  moNoo 
moo  00  00  00 


WVO  WVD 

moo  m® 


O  Q  o 

'35^0 


o  o  mo  Q 
003  VO  >35 


00000 


mmm  mmm  ooooo 

HHH  333  CVI  fa  W  W  Si 


ooooo 
m  mm  m  m 


00  00 

•  •  CP  CD 

tA  lA  W  cO 


u  u  u 

•H  'H  ‘H 


c  c3  a 
ooooo 
to 

^  M  H  ^  ^ 
c;  <  <  <  < 


a  a  0  d  a 
ooooo 
to  to  to  U)  U) 


ri^d- 
I  I 
lA  lAlA 

000 

lA  lA  lA 
§§2 


CO  CM 
I  I  I  I 
CM  CM  CM  CM  CM 

OOOOO 
lA  lA  lAlAlA 
OOOOO 

3-  ^  ^  ^ 


CO  CM 

^  * 
VO  VO  VO  VO  VD 

OOOOO' 
-lA  lA  lA  lAMA 

g  o  Q  go 

3333-3 


T*  T* 
S2?2fc^ 

0000 

lA  lA  lA  lA 
O  O  O  Q 


CO  t-- 
lA  VO 


o  o 

•  • 

CM  CM 


I  I 


I  I 


H  H  H  H 


&  a  a  a 


to  CO 

5  ^ 


tt>  §  flj  § 
0  2  0^ 
O  <  O  < 
50  o  a  o 


coco -a- 

lACO  lACO 


lA  lA 

•  •  O  CD 

H  H 

H  H  lA  lA 


0  0  0  0 
a>  0)  0)  a> 
to  to  to  u 
0000 

h  ^  h 
■p  -p  +>  -p 
•H  mH  jH  ‘H 

a  a  a  a 


0)  o  0) 
a  w  a  a 


'V  '1* 

33COCO 

&&&& 

^lAlAlA 


0)  • 

>  -p 

0)  o 

•H  rt 

CO  04 

I  B 
fi  o 

U  *H 

0)  -P 

a  0 

0  p 

•H  CO 

o 

CO  • 

O  P 

Jh  bp  ‘H 
4h  CO  to 

a  0 
0  ^ 

(DPP 

P  (D 

3>  >  d 


3 

^  ft<H 

pv<  O 
n 

0)  3  +) 

S)  Q  c 

fl  d  4) 
U  &  V 
lU  g  Vc 
>  O  <U 

a  O  P< 


4-<  a) 

O  CS  3 
»rt  (D 

^  s 

H  'd  CD 
*ci  <D  ‘H 

0  CO  'd 
P  CO 
d  0)  £ 

'd  ^  CO 

h  CO 

O  p  I 
Chi  o  VO 

m-^  g 

CM  to  O  ' 

d  O  "h 
jn  a 
p  Ptlj 
&  S  41 


«  ft 
•  43  4) 
43  C  q 
O  -rt  K 
^.^4, 

0)  O  " 

s  u 

C  4) 
3  O  43 
d  -ri  C 
4)  M  "ri 

3  ?  H 

4)  S 


0  43  4)  0 
O  g  a  ra 


4)  H  3  3  4-1 


4)  H  X 

w  a  a 


H  W  (03  mvo  1>C0 


EFFECT  OF  POWDER  SIZE  AND  SHAPE  ON  DENSITY  AND 
TRANSVERSE  ELONGATION  AND  NTS/YS _ 


ih 

r» 

P' 

iH 

H 

o 

O 

o  ■ 

O 

\  o 

o 

rH 

iH 

rH 

iH 

• 

•  • 

• 

« 

O 

6 

o 

b 

b 

VO 

as 

n 

CM 

iH 

rH 

rH 

o 

O 

O 

O 

iH 

r-l 

H 

rH 

• 

• 

• 

• 

o 

o 

O 

o 

H  M 

tn  IT) 


as 

o 

'd* 

00 

VO 

VO 

in 

« 

• 

ft 

• 

o 

o 

o 

o 

(N  (N 


Q  Q  M  rfl 
Dj  Pi  nS 
<  2  H  m 

g  E  &  oj 
a.  3.  dJ  'O 

in  o  M  1 
H  in  H  & 


H  O'!  m 


(U  ? 

n  & 

<u 

H  Pi 


w  w 

O  U 

fn  Pi 


H  Pi 


%  g 


o  o 


EFFECT  OF  CAN- ARGON  PREHEATING  ON  EXTRUSION  PROPERTIES 
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Notes:  1.  Average  Particle  Daimeter  from  Fisher  Sub-Sieve  Sizer 

2.  U.S.  Standard  Screens. 

3.  Tyler  Series  Screens. 
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Table  57 

EFFECT  OF  ALLOY,  POWDER  SIZE  AND  HOT  COMPACTING  PRESSURE 
ON  FORGING  QUALITY  -  3“  SO.  AND  5 '  SO.  HAND  FORGINGS 

_ Hot  Compacting  Pressure^ _ 


60  ksi 


75  ksi 


90  ksi 


Powder  Size® 


Powder  Size 


Powder  Size 


Alloy® 

1_5  23 

50 

23 

15 

23 

%  Metal  Recovery 

MA65 

93 

87 

94 

82 

15 

MA66 

88 

88 

98 

83 

42 

MA67 

91  89 

(2)  • 

90 

89 

82 

(2) 

Face  Crackinq  -  3" 

Sq.  Forqinqs'^ 

MA65 

C 

C- 

B- 

C 

E 

MA66 

B 

B 

B 

D 

E 

MA67 

B  B 

C- 

B 

B- 

(2) 

Face  Crackinq  -  5" 

Sq.  Forgings'^ 

MA65 

A- 

A 

B 

C 

E 

MA66 

c- 

A 

B 

D 

E 

MA61 

B  B 

(2) 

A 

B 

B- 

(2) 

End  Crackinq  -  3" 

Sq.  Forgings^ 

MA65 

C 

C- 

A 

D- 

E 

MA66 

B 

B 

A 

B- 

E 

MA67 

B  B 

(2) 

D 

A 

B- 

(2) 

End  crackinq  -  5" 

Sq.  Forgings'^ 

MA65 

B 

A 

A 

A 

E 

MA66 

D 

A 

A 

A 

c- 

MA67 

A  A 

(2) 

A 

A 

A 

(2) 

Notes:  1.  Percent  Metal  Recovery 

_  Volume 

of 

SNT  Class  A 

Forging 

100. 

Volume 

of 

Scalped  Billet 

2.  Cracked  during  loading 

for  hot  press. 

3 .  Other 

processing  conditions  for 

forgings  Bl  to 

Bl7 

shown 

in 

5. 

6, 


Table  55. 

Visual  Quality  Ratings: 

_ FACES 

A  Practically  perfect 

B  Slight  tears 
C  Slight  checks 
D  Checks,  small  cracks 
E  All  severely  cracked 
See  Table  5  for  alloy  composition 
Averacre  Particle  Diameter  in  uM. 


END 


Practically  perfect 
Surface  tears 
Surface  checks 
Checks,  small  cracks 
Severe  cracks 
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other  processing  conditions  for  forgings  Ml  to  Ml4  and  N2  are  shown  in  Table  51 
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TABLE  60 


EFFECT  OF  PREHEAT  ATMOSPHERE  MD  TIME  ON  FORGING  QUALITY  OF 
6,5  Zn-P.s  Mg-1.5  Cu  ALLOY.  -  3”  SQ.  AND  5“  SQ.  PJHO  FORGINGS 


Preheat 

Preheat 

Gas  Flow  Rate  (CFH/lb) 

Gas  Flow  Rate  (CFH/lb) 

Atmosphere^ 

Time 

0  0^1  0^5.  0^75 

0  0.17  0.35  0.75 

(Hours) 


Ultrasonic  Quality  -  jo  Metal  Recovery^ 


Retort  “  Argon 

1 

86 

90 

89 

Retort  -  Purified  Argon 

1 

89 

Retort  -  Argon 

5 

93 

Retort  -  Nitrogen 

1 

88 

90 

Retort  -  Ambient  Air 

1 

91 

Circulating  Furnace  Air 

1 

18 

Visual  Quality  -  Face  Cracking® 

Square  Forgings 

5"  Square  Forgings 

Retort  -  Argon 

1 

B 

B 

B 

B 

B  A 

Retort  -  Purified  Argon 

1 

A 

A 

Retort  -  Argon 

5 

A 

A 

Retort  -  Nitrogen 

1 

A 

A 

A  A 

Retort  -  Ambient  Air 

1 

C 

D- 

Circulating  Furnace  Air 

1 

E 

E 

Visual  Quality  -  End  Cracking® 

Square  Forgings 

5"  Square  Forgings 

Retort  -  Argon 

1 

B 

D 

A 

A 

A  A 

Retort  -  Purified  Argon 

1 

A 

A 

Retort  -  Argon 

5 

A 

A 

Retort  -  Nitrogen 

1 

A 

A 

A  A 

Retort  -  Ambient  Air 

1 

A 

A 

Circulating  Furnace  Air 

1 

E 

E 

Notes:  1.  Other  processing  conditions  for  Forgings  A1  to  A13  listed 
in  Table  55, 


2. 


Percent  Metal  Recovery  =  ffi4.ume  of_SNT  Class  A  JOfgings 

Volume  of  Scalped  Billet 


3,  Visual  Quality  Ratings: 

FACES 

A  Practically  perfect 
B  Slight  tears 
C  Slight  checks 
D  Checks,  small  cracks 
E  All  severely  cx-aoked 


ENDS 

Practically  perfect 
Surface  tears 
Surface  checks 
Checks,  small  cracks 
Severe  crack 
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TABLE  6  1 


EFFECT  OF  PREHEAT  TEMPERATURE  AND  ATMOSPHERE  ON 
METAL  RECOVERY  OF  6.5  Zn-2.3  Mg-1.5  Cu  ALLOY  - 
_ 3"  SO.  AND, 5“  SO.  HAND  FORGINGS _ 


Preheat  Preheat  Temperature  (°F) 

Atmosphere^  950  1000  1050 

Ultrasonic  Quality  -  %  Metal  Recovery^ 

Argon  89  90  89 

Nitrogen  89  88  (4) 

Visual  Quality  -  Face  Cracking^ 

3"  Square  Forgings 


Preheat  Temperature  (°F) 
950  1000  1050 


5"  Square  Forgings 


Argon 

Nitrogen 


B 

A 


B 

A 


A 

(4) 


Visual  Quality  -  End  Cracking^ 

3"  Square  Forgings 


Argon 

Nitrogen 


Notes;  1. 


3. 


WSC;dld 

8/3/72 


A 

A 


D 

A 


B 

(4) 


B- 

A 


B 

A 


A 

(4) 


5"  Square  Forgings 


A 

A 


A 

A 


A 

(4) 


Retort  preheat  with  gas  flow  of  0.35  CFH/lb.  of 
compact.  Other  processing  conditions  in  Table  55. 


2.  Percent  Metal  Recovery  = 


_  Volume  of  SNT  Class  A  Forging 


volume  of  Scalped  Billet 


X  100 


visual  Quality  Rating; 

FACES 


ENDS 


A 

B 

C 

D 

E 


Practically  perfect 
Slight  tears 
Slight  checks 
Checks,  small  cracks 
All  severely  cracked 


Practically  perfect 
Surface  tears 
Surface  checks 
Checks,  small  cracks 
Severe  crack 


4.  Compact  cracked  while  loading  for  hot  press. 


"T 


TABLE  6  3 


EFFECT  OF  TPIE  AMOUNT  OF  SCALP  ON  METAL  RECOVERY  IN 
6.5  Zn-2.3  Mg- 1.5  Cu  ALLOY  -  5“  SO.  HAND  FORGINGS 


Minimum  Scalp 

Scalp  from  Ram  End  of  Forging 

0  0.25"  1.0" 

Scalp  from  Blind 

4.5"  8.0"  8.75" 

Die  End  of  Forging 

From  Diameter 

Diameter 

0  8.75"  8.0" 

4.5"  1.0"  0.25" 

Ultrasonic  Quality  -  %  Metal  Recoveryi 

02 

Tapered 

49 

0.30" 

8.25" 

100 

0.55 

8.0 

100 

0.67 

7.75 

100  94 

95  66  70 

1.05 

7.50 

100 

Visual  Quality 

-  Face  Cracking 

3 

02 

Tapered 

E 

0.30" 

8.25" 

C 

0.55 

8.0 

B 

0.67 

7.75 

C-  C- 

C  D  C 

1.05 

7.50 

B 

Visual  Quality 

-  End  Cracking® 

03 

Tapered 

E 

0.30" 

8.25" 

B- 

0.55 

8.0 

A 

0.67 

7.75 

A  A 

ABA 

1.05 

7.50 

A 

Notes:  1.  Percent  Recovery  = 

Voltime  of  PNT  Class  A  Forging 

Volume  of  Forging  Billet 

2.  Unscalped  Forging 

Billet,  8.2"  to  9. 

.2"  dia.  X  28"  long 

3.  visual  Quality  Ratings: 


FACE 

A  Practically  perfect 
E  Slight  tears 
C  Slight  checks 
D  Checks,  small  cracks 
E  All  severely  cracked 


ENDS 

Practically  perfect 
Surface  tears 
Surface  checks 
Checks,  small  cracks 
Severe  crack 


4.  See  Table  55  for  other  processing  conditions  of  Forgings 
Cl  to  C9. 
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EFFECT  OF  SECOND-STEP  AGE  TIME  AT  325  F  ON 
LONGITUDINAL  TENSILE  PROPERTIES  OF  P/M  0.090"  SHEET 


Sample  No. 

Powder 

Size^ 

UM 

Second- 

Step 

Age^ 

@  325°F 

Longitudinal 

Properties 

T.S.  y.S.  %  El. 

ksi  ksi  in  1  in 

MA65  Alloy: 

Al-6.5  Zn-2.3  Mg-1.5  Cu 

404877-J2B 

15.6 

None 

80.7 

73.5 

13.5 

404877-J2C 

15.6 

2  hrs. 

82.2 

77.2 

12.0 

404877-J2D 

15.6 

6  hrs. 

80.6 

75.2 

11.5 

404877-J2E 

15.6 

15  hrs. 

77.6 

69.2 

11.0 

404877-J2F 

15.6 

20  hrs. 

73.2 

64.2 

12.5 

404879-K2B 

48.5 

None 

83.0 

76.7 

13.0 

404879-K2C 

48.5 

2  hrs. 

84.4 

80.1 

11.0 

404879-K2D 

48.5 

6  hrs. 

84.0 

79.0 

10.0 

404879-K2E 

48.5 

15  hrs. 

80.3 

73.5 

11.5 

404879-K2F 

48.5 

20  hrs. 

78.7 

70.9 

11.5 

MA66  Alloy: 

Al-8.0  Zn-2.5  Mg-1.0  Cu 

404880-J3B 

16.5 

None 

86.0 

82.7 

12.0 

404880-J3C 

16.5 

2  hrs. 

84.5 

82.6 

10.5 

404880-J3D 

16.5 

6  hrs. 

81.0 

76.6 

11.0 

404880-J3E 

16.5 

15  hrs. 

76.8 

,69.5 

12.0 

404880-J3F 

16.5 

20  hrs. 

74.4 

65.6 

12.0 

404882-N3B 

49.3 

None 

88.8 

84.6 

10.5 

404882-N3C 

49.3 

2  hrs. 

88.6 

86.2 

7.5 

404882-N3D 

49.3 

6  hrs. 

85.8 

81.6 

9.0 

404882-N3E 

49.3 

15  hrs. 

81.4 

74.5 

10.0 

404882-N3F 

49.3 

20  hrs. 

78.5 

70.5 

10.5 

MA67  Alloy: 

Al-8.0  Zn-2.5  Mg-1.0  Cu-1.6  Co 

404883-K5B 

14.7 

None 

89.4 

84.7 

9.0 

404883-K5C 

14.7 

2  hrs. 

86.6 

81.4 

9.0 

404883-K5D 

14.7 

6  hrs. 

82.8 

75.6 

10.0 

404883-K5E 

14.7 

15  hrs. 

76.6 

66.8 

11.0 

404883-K5F 

14.7 

20  hrs. 

73.2 

62.2 

11.0 

Notes:  1. 

Average  particle  diameter. 

2. 

First-step  aged  24  hours  @  250 

F. 

WSC/lmk 
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PROPERTY  GOAI.S  OF  TARGET  A  COMPARED  TO  MA67  AND  MA66  ALLOY  EXTRUSIONS 


FIGURE  1 


SCHEMATIC  OF  8.4  IN.  DIA.  HOT  COMPACTING  CYLINDER 

FIG.  2 


FIGURE  3 


^500”DIA. 
.353’'  DIA. 


60®  V  NOTCH 

K,  5  12 

NOTCH -TIP  RADII 
?  0.001  IN. 


4a.  NOTCHED  TENSILE-TEST  SPECIMEN 


Moximum  lood,P,lb- 


^  Division  befw'>en  crock 
initiation  ond  p«opagotion 


Low  tear  resistance 
(o) 

Initiation^ 


b-jin-,-,  .t  ,^if 

k  =]  Roof 

A  -)•!  ^rodius 


High  tear  resistonce 
Sv  <b) 


:Propagation3 

V//////A 


Deformation,  in. 


4b.  TEAR -TEST  SPECIMEN  AND  REPRESENTATION 
OF  LOAD -DEFORMATION  CURVES 
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YIELD  STRENGTH  -  ksi 

EFFECT  OF  POWDER  SIZE  ON  THE  YIELD  STRENGTH 
TO  NTS/YS  RELATIONSHIP  FOR  OCTAGONAL 
EXTRUDED  BAR. 


FIGURE  6 


NOTCHED  TENSILE  STREN6TH/TENSILE  YIELD  STRENGTH 
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TRANSVERSE  P/M 
(FIG. 6) 


LONGITUDINAL 
>^P/M(FIG.6)  H 


A 

1  TRANSVERSE  \ 

1  ALLOY  SYMBOL 

P/M  MA65 

0 

•P/M  MA66 

□ 

P/M  MA83 

0 

P/M  MA67 

A 

I/M  7075 

• 

I/M  7178 

k 

I/M  7001 

B 

COMPARISON  OF  FRACTURE  TOUGHNESS  OF  FINE 
POWDER  P/M  ALLOYS  TO  INGOT  [I/M!  ALLOYS  IN 
OCTAGONAL  EXTRUDED  BAR. 


FIGURE  7 


COMPARIS 
TO  INGOT  I 


0.6  0.8  1.0  1.2  1.4 

LONGITUDINAL  NTS/YS 


CORRELATION  BETWEEN  Kj^  VS  LONGITUDINAL  NTS/YS 
P/M  ALLOY  EXTRUSIONS  |FROM  REF.  5| 

FIGURE  to 


60  65  70  75  80  85 

TRANSVERSE  YIELD  STRENGTH  •  ksi 


EFFECT  OF  TRANSVERSE  YIELD  STRENGTH  AND  APPLIED 
STRESS  ON  PERCENT  SURVIVAL  rOR  30  DAYS  EXPOSURE 
IN  THE  ALTERNATE  IMMERSION  STRESS  CORROSION  TEST. 
TRANSVERSE  TENSILE  BARS  FROM  OCTAGONAL  EXTRUDED  BAR. 


FIGURE  11 
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7075  7178  7001  SIZE  MA6S  MA66  MA67 
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TRANSVERSE  YIELD  STRENGTH  -  ksi 


EFFECT  OF  TRANSVERSE  YIELD  STRENGTH  AND  APPLIED  STRESS  ON 
PERCENT  SURVIVAL  FOR  84  DAYS  EXPOSURE  IN  THE  ALTERNATE 
IMMERSION  STRESS  CORROSION  TEST.  TRANSVERSE  TENSILE  BARS 
FROM  OCTAGONAL  EXTRUDED  BAR. 


FIGURE  12 


CO  iM  a. 


(o) 


STRESS 

CORROSION 

CRACK 


COgAIg  PARTICLE 


GRAIN  BOUNDARY 

CORRODED  CRACK  TIP 

MATRIX  CORRODING  AT 
PARTICLE-MATRIX 
INTERFACE . 

(SCHEMATIC) 


STRESS  CORROSION  CRACK  BLUNTING  BY  C02AI9 
PARTICLES  THAT  OCCUR  AT  GRAIN  BOUNDARIES. 
MICROSTRUCTURES  FROM  A  TRANSVERSE  TENSILE 
BAR  FROM  A  AI-9.7  Zn-4.IMg-0.8Cu-l.4Co  ALLOY 
P/M  EXTRUSION.  STRESSED  AT  25  KSI, EXPOSED 
1595  DAYS  IN  NEW  KENSINGTON  ATMOSPHERE  . 


FIG.  15 


NOTCHED  AXIAL-STRESS  FATIGUE  PERFORMANCE  OF  ALUMINUM  ALLOY  OCTAGONAL  EXTRUSIONS 
COMPARED  TO  7075-T6510  EXTRUDED  BAR  |REF.  9).  STRESS  RATIO  =  0.0 

FIGURE16 
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EXPOSED  48  MOORS  IN  ”EXC0'’ IMMERSION  TEST. 


EXPOSED  48  HOURS  IN  EXCO  IMMERSION  TEST 


10%  BELOW 
EXTRUDED  SURfRCE 


T6  TEMPER  T6  TEMPER  T6  TEMPER 


EXCO  EXFOLIATION  CORROSION  PERFORMANCE  OF  CONTROL 
I/M  7075,7178  AND  7001  1/2  X  6*3/8  IN.  EXTRUSIONS. 
NOTE  EXFOLIATION  CORROSION  PARTICULARLY  EVIDENT  IN 
700I-T6  AND  7I78-T6,  AND  SLIGHT  IN  7075-T6. 


a.  MA65  ALLOY  EXTRUSION  FROM  15/jM  POWDER 
500 X,  KELLER'S  ETCH. 


MA65  ALLOY  EXTRUSION  FROM  50/uM  POWDER 
100 X,  KELLER'S  ETCH. 


c.  I/M  7075  ALLOY  EXTRUSION. 
500X,  KELLER'S  ETCH. 


LONGITUDINAL  STRUCTURE  OF  P/M  MA65 
AND  I/M  7075  1/2  IN.  X  6-3/8  IN. 
EXTRUDED  BARS  NEAR  MID-THICKNESS. 


A.)  "CANAR”  OR  "CANIT”  PREHEAT  METHODS 

CAN  PREHEAT  WITH  FLOWING  AR&ON  OR  NITROGEN 


ALUMINUM  PIPE 


GAS  EXIT' 


COMPACT 


ALUMINUM  END  PLATES 
WELDED  TO  PIPE 


GAS  ENTRANCE 


B.j  "VAC"  OR  "AVAC"  PREHEAT  METHODS 

VACUUM  PREHEAT/HOT  PRESS 


ALUMINUM  END  PLATES 
WELDED  TD  PIPE 


EVACUATE  DURING 
HEATING,  SEALING 


WITH  BILLET  AT  PREHEAT  TEMP, 
SEAL  EVACUATIDN  TUBE, 

HOT  PRESS,  EXTRUDE 


C.)  "RET"  PREHEAT  METHOD 

RETORT  WITH  FLOWING  NITROGEN 


RETORT  AND  CAN  COMPACT 
PREHEATING  SCHEMATICS 


FIGURE  24 


YIELD  STRENGTH  -  ksi 


EFFECT  OF  REDUCED  Fe  AND  Si  ON  FRACTURE  TOUGHNESS 
OF  P/M  EXTRUSIONS.  NOTE  HIGHER  NTS/YS  FOR  A  SPECIFIED 
Y.S.  WITH  LOWER  Fe  AND  Si  AT  UP  TO  82  ksi  Y.S. 


FIGURE  25 


0  Co  0.8  Co 

-O— -Q' 9  Zn  -  2.5  Mg 

- ®-  9  Zn  -  2.5  Mg  -  1  Cu 


YIELD  STRENGTH  -  ksi 


EFFECT  OF  Cu  CONTENT  ON  THE  LONGITUDINAL 
NTS  /  YS  TO  YIELD  STRENGTH  RELATION  FOR 

EXTRUSIONS  FROM  IG/^iM  (  APD  |  POWDERS. 

FIGURE  26 


YIELD  STRENGTH  -  ksi 


EFFECT  OF  Cu  CONTENT  ON  THE  TRANSVERSE  NTS  /  YS 
TO  YIELD  STRENGTH  RELATION  FOR  EXTRUSIONS 
FROM  lOfiM  I  APD  |  POWDERS. 

FIGURE  27 


YIELD  STRENGTH  -  ksi 


EFFECT  OF  INCREASING  Zn  ON  FRACTURETOUGHNESS  OF  P/M 
EXTRUSIONS.  NOTE:  DECREASE  IN  NTS/YS  AT  ANY  CONSTANT 
STRENGTH  WITH  INCREASING  Zn  FROM  8%  TO  9%.  9Zn|REF.6|. 


FIGURE  28 


POWDER  SIZE 


1 


LONGITUDINAL  YIELD  STRENGTH  -  hsl 

EFFECT  OF  POWDER  SIZE  ON  THE  LONGITUDINAL  NTS/YS  TO  YIELD 
STRENGTH  RELATION  FOR  P/M  EXTRUSIONS  FROM  ARGON  PREHEATED 
COMPACTS  |FCE  PREHEAT) 

FIGURE  29 


EFFECT  OF  POWDER  SIZE  ON  THE  TRANSVERSE 
NTS/YS  TO  YIELD  STRENGTH  RELATION  FOR  P/M 
EXTRUSIONS  FROM  ATMOSPHERE  FURNACE 
PREHEATED  COMPACTS  (ARGON  FCE  PREHEAT). 


FIGURE  30 
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PREHEATED  AND  HOT  PRESSED  COMPACTS  (CANAR  PREHEAT) . 
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PARTICLE  SIZE  DISTRIBUTION  OF  AI-6.4  Zn-2.2  Mg-L5  Cu  ALLOY 

FIGURE  34 


QC 

liJ 

Q  •  • 

oy 

Q.I- 
ft:  Qc 
<UJ 

dO 

oQi 

QQ. 

ucn 
(O  Z) 

q:  d: 
<1- 
ox 

UUJ 


(r  •  • 

UJ  (0 

oy 
^  h” 
OK 
Q.  UJ 
0- 
go 

5“: 

o°- 
o  z 
UJO 

is 

=  X 

u.  u 


•  a5«o 

Z  ^  lO 
~CVJo 

R  ••  » 

lO  — *  H" 
5UJZ 

-  UJIxl 
O  totg 

It  K  K 

t  §>S) 
<n  z  z 
z  §  < 

UJ  K  K 
O  I-  H* 


=>0>? 

o  II  O) 

^  oj" 

S3^ 

N  UJ  z 
9  UJ  UJ 

dSco 

II  oc 

t>% 

t  CO  CO 

(O  z  z 
z  <  < 
ui  (T  cr 
O  H  H 


"’0.0 

O  y  UJ 

slsg 

z  £  ^ 

o  ^  z 

UJ  a.  ^ 

N  UJ  2 

' 

O  O  S 

5  oc  2 

o  0  {2 

»-o5 

^  a:  S 

^  «g 

it  X  o 

UJ  UJ  o 


FIGURE  36 


TRANSVERSE  TRANSVERSE  TRANSVERSE 

NTS/YS  ELONGATION.  TENSILE  STRENGT 


NTS/YS 


1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

65  70  75  80  85  90 

YIELD  STRENGTH  [ksi] 

EFFECT  OF  POWDER  ATOMIZING  ATMOSPHERE  ON  THE 
LONGITUDINAL  AND  TRANSVERSE  NTS/YS  TO  YIELD  STRENGTH 
RELATIONSHIPS  FOR  HIGH  PURITY  AI-6.5  Zn-2.3  Mg-1.5  Cu 
EXTRUSIONS  FROM  FINE  POWDER  |15-20fAM  APD| 


FIGURE  39 
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ATOM. 
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CANAR  FCE 

AIR 
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EFFECT  OF  POWDER  ATOMIZING  ATMOSPHERE  ON  THE 
LONGITUDINAL  AND  TRANSVERSE  NTS/YS  TO  YIELD  STRENGTH 
RELATIONSHIPS  FOR  HIGH  PURITY  AI-6.5  Zn-2.3  Mg-1.5  Cu 
EXTRUSIONS  FROM  COARSE  POWDER  |45>51/iM  APD| 


FIGURE  40 


\  VAC  PREHEAT 
MA83 

\ 

\ 

)k 


FCE  PREHEAT 
POWDER 


TRANSVERSE  YIELD  STRENGTH  -  ksi 

EFFECT  OF  VACUUM  PREHEAT  ON  THE  TRANSVERSE  NTS/YS 
TO  YIELO  STRENGTH  RELATION  FOR  P/M  EXTRUSIONS. 
COMPARED  TO  ARGON  FCE  PREHEAT  |FROM  FIGURE  30| 

FIGURE  41 


APPROXIMATE  Krr  (ksi 


TRANSVERSE  NTS/YS  TRANSVERSE  ELONGATION  - 


DENSITY  IN  T6  TEMPER  (IBS./CU.  IN.| 


EFFECT  OF  OENSiTY  ON  TRANSVERSE  NTS/YS  AND  ELONGATION  OF  MA83 
ALLOY  EXTRUSIONS  FROM  VACUUM  AND  NITROGEN  PREHEATED  COMPACTS. 
ALL  SECOND  STEP  AGED  6  HOURS  AT  325°F 


FIGURE  42 


0  1.0  2.0  3.0  4.0 


TOTAL  GAS  iml/100Eriis.AlUMINUM| 

EFFECT  OF  TOTAL  GAS  CONTENT  ON  TRANSVERSE  FRACTURE 
TOUGHNESS  OF  P/M  MASS  EXTRUSIONS.  FUSION  GAS 
EXTRACTION  AT  700°C. 


FIGURE  43 


a.  LONGITUDINAL  VIEW  :  b.  TRANSVERSE  VIEW! 

VAC  PREHEATED  VAC  PREHEATED 

MA83  EXTRUSION  MA83  EXTRUSION 


c.  LONGITUDINAL  VIEW! 
CANIT  PREHEATED 
MA83  EXTRUSION 


d.  TRANSVERSE  VIEW  : 
CANIT  PREHEATED 
MA83  EXTRUSION 


METALLURGICAL  STRUCTURE  COMPARISON  OF  MA83 
OCTAGONAL  EXTRUSIONS  FROM  COMPACTS  PREHEATED 
IN  VACUUM  OR  IN  A  CAN  WITH  NITROGEN. 


FIG.  45 


PRODUCTION  SEQUENCE  FOR  P/M  DIE  FORGINGS 
RIGHT  TO  left:  GREEN  COMPACT;  HOT 
PRESSED  COMPACT ;  EXTRUDED  STOCK  ; 
FORGING  . 


FIG.  46 


YIELD  STRENGTH  ON  FRACTURE  TOUGHNESS 
F  P/M  AND  I/M  7075  DIE  FORGINGS.(  DIE  9078  j 


IGURE  48 


PERCENT  SURVIVING  30  DAYS  IN  A.I. 


100 


UMZSLLl 
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SHORT  TRANSVERSE  YIELD  STRENGTH  -  ksi 

EFFECT  OF  STRENGTH  AND  APPLIED  STRESS  ON  PERCENT 
SURVIVING  30  DAYS  IN  THE  ALTERNATE  IMMERSION  STRESS 
CORROSION  TEST.  TENSILE  BAR  SPECIMENS  FROM  DIE  FORGINGS. 


FIGURE  49 


PERCENT  SURVIVING  84  DAYS  IN  A.I. 


SHORT  TRANSVERSE  YIELD  STRENGTH  •  ksi 


EFFECT  OF  STRENGTH  AND  APPLIED  STRESS  ON  PERCENT  SURVIVING 
84  DAYS  IN  THE  ALTERNATE  IMMERSION  STRESS  CORROSION 
TEST.  TENSILE  BAR  SPECIMENS  FROM  9078  DIE  FORGINGS. 


FIGURE  50 


FIGURE  51 


TENSILE  SPECIMEN  [FIGURE 4) 


o 


EFFECT  OF  QUENCH  RATE  ON  LONGITUDINAL  YIELD  STRENGTH 

OF  2”  THICK  P/M  FORGINGS 
FIGURE  53 


FORGINGS  A-UPSET  AND  DRAW  |L=15|,  COLD-WATER  OUENCHED 
AND  STRESS  RELIEVED.  FIRST-STEP  AGED  24  HRS  AT  250  F. 

FIGURE  54 


=  CO 

a  >. 
s 

I-  </) 

ca  ^ 
z  * 
o 


</» 


CO 

*  ^ 
«tc  ^ 
CO 


C9 


CO 


> 

CO  CO 
*  >• 


oe 

o 

X 

CO 


1.5 
1.3 
1.1 
0.9 
0.7 
0.5 
1.3 
1.1 
0.9 
0.7 
0.5 

0.9  K 
0.7 
0.5 
0.3 


TM^6  MA67  I/M 

■  A  2^ 

□ .  O 


£ 


FORGINGS 


T 


FINE  POWDER 


□  J 


^ - h 


FINE  POWDER 
FORGINGS 


□ 


+ 


% 


FINE  POWDER 
FORGINGS 


55  65  .  75  85 

YIELD  STRENGTH  •  ksi 


95 


EFFECT  OF  YIELD  STRENGTH  ON  FRACTURE  TOUGHNESS  (NTS/YSj 
OF  P/M  ALLOY  AND  I/M  7075  2>in.  THICK  HAND  FORGINGS 


FIGURE  55 


EFFECT  OF  YIELD  STRENGTH  AND  APPLIED  STRESS 
ON  PERCENT  SURVIVING  30  DAYS  IN  ALTERNATE  IMMERSION 
see  TEST.  SHORT  TRANSVERSE  TENSILE  BARS  FROM  2"  THICK 
P/M  i  OF  16/i  POWDER  i  AND  FROM  I/M  7075  HAND  FORGINGS. 

FIGURE  56 


FECT  OF  YIELD  STRENGTH  AND  APPLIED  STRESS  ON  PERCENT 
IRVIVING  84  DAYS  IN  ALTERNATE  IMMERSION  SCC  TEST. 
lORT  TRANSVERSE  TENSILE  BARS  FROM  2"  THICK  P/M  ALLOY 
ID  I/M  7075  HAND  FORGINGS. 


STRUCTURE  OF  2  IN.  THICK  MA65  ALLOY  HAND 
FORGING  FROM  FINE  POWDER  (15/uMAPD). 

2000 X,  BROMINE  ETCH.  SEM 


FIG. 58 


STRUCTURE  OF  2  IN.  THICK  MA67  ALLOY  HAND 
FORGING  FROM  FINE  POWDER  (ISaiMAPD).  WHITE 
ROUNDED  CONSTITUENT  IS  COpAL  INTERMETALLIC. 
5000 X,  BROMINE  ETCH,  SEM 


FIG.  59 


EXPOSED  TO  ONE  DOOR  OPENING  -CLOSING  CYCLE  BEFORE  REMOVAL 
FROM  ATMOSPHERE  FURNACE  FOR  HOT  PRESSING . 

FIG.  63 
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SItH  rs^ifHOT Tr^n"®  <W3  '/2“S0UARE  FORGIN 
WITH  75  /oHOT  RED.  WITH  90%  HOT  RED. 


effect  of  increasing  hot  reduction 

!°R0S'TY  in  MA65  ALLOY  HAND  fSn 
FROM  A  170 -LB,  HOT  PRESSED  BILLET 

2000 X.  UNETCHED  SEM. 


FIG. 65 
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YIELD  STRENGTH  -  ksi 


EFFECT  OF  YIELD  STRENGTH  ON  FRACTURE  TOUGHNESS  |NTS/YS| 
OF  P/M  1.5”  THICK  PLATE.  COMPARED  TO  I/M  7075  AND  7050 
ALLOY  PLATE  |FROM  REF.16I  2”  THICK. 


FIGURE  67 


PERCENT  SURVIVING  30  DAYS  IN  A. 


SHORT  TRANSVERSE  YIELD  STRENGTH  -  ksi 

EFFECT  OF  APPLIED  STRESS  AND  YIELD  STRENGTH 
ON  PERCENT  SURVIVING  30  DAYS  IN  ALTERNATE 
IMMERSION  see  TEST.  SHORT  TRANSVERSE 
TENSILE  BARS  FROM  1.5”  THICK  P/M  AND  2<2.5”  THICK 
I/M  7050  AND  I/M  7075  PLATE 


FIGURE  68 


SHORT  TRANSVERSE  YIELD  STRENGTH  -  ksi 


EFFECT  OF  APPLIED  STRESS  AND  YIELD  STRENGTH  ON  PERCENT 
SURVIVING  84  DAYS  IN  SCC  TEST.  SHORT  TRANSVERSE  TENSILE 
BARS  FROM  1.5”  P/M  AND  2.0-2.5”  I/M  7050  AND  I/M  7075  PLATE 


FIGURE  69 
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A  PD 
AVAC 


CANAR 

CANIT 

Coarse 

CWQ 

D.C. 

El* 

ExCO 

FCE 


-  Accelerated  Stress-Corrosion  Cracking  Test  -  Alternate 
Immersion  in  3.5%  Nad  solution  per  Federal  Test 
Method  823-. 

-  Average  Particle  Diameter  from  Fisher  Sub-Sieve  Sizer. 

-  Process  involving  live  vacuum  preheating  a  powder  com¬ 
pact  in  a  welded  aluminum  can  followed  immediately  by 
sealing  the  compact  in  a  can  under  conditions  where 
retention  of  the  vacuum  in  the  can  was  questionable. 
Canned  compact  was  hot  pressed  and/or  hot  worked  in  a 
vacuum  of  unknown  quality. 

-  Process  of  preheating  a  powder  compact  in  flowing  argon 
gas  in  a  welded  aluminum  can  followed  immediately  by 
hot  pressing  of  the  canned  compact  and  hot  working. 

-  Process  of  preheating  a  powder  compact  in  flowing 
nitrogen  gas  in  a  welded  aluminum  can  followed  immedia¬ 
tely  by  hot  pressing  and/or  hot  working  of  the  canned 
compact . 

-  Product  made  from  coarse  powder  with  50  pM  average 
particle  diameter. 

-  Cold-water  quench  after  solution  heat  treatment. 

-  Direct  Chill  Cast  Ingot. 

-  Percent  elongation  in  4  diameters. 

-  Accelerated  Exfoliation  Corrosion  Test  -  48  hours  total 
immersion  in  a  4  molar  NaCl,  0.5  molar  potassivim  nitrate 
and  0.1  molar  HNO^  solution. 

-  Process  of  preheating  a  powder  compact  in  flowing  argon 
gas  in  an  atmosphere  furnace,  removing  the  compacts 
individually  from  the  furnace,  transporting  the  hot 
compact  (in  air)  to  a  press  for  hot  pressing  to 
essentially  full  density  prior  to  hot  working.  Furnace 
atmosphere  diluted  with  air  on  each  door  opening — no 
vestibule  to  prevent  argon  atmosphere  dilution  with  air. 

-  Product  made  from  fine  powder  with  15  pM  average 
particle  diameter. 
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I/M  -  Products  fabricated  from  direct  chill  cast  ingot. 

Irregular  -  Powder  shape  resulting  from  atomizing  with  compressed 
air  and  collecting  in  air.  See  "Regular,” 

“  Plane-strain  stress  intensity  factor,  a  critical 
measure  of  the  fracture  toughness  of  a  material, 

ksi  -  1000-lbs  per  square  inch, 

L,  Long.  -  Longitudinal. 


K 


Ic 


mt 


LT 

LYS 

N.A. 

NTS  AS 
P/M 
Press. 
Regular 

RET 


see 

SEM 

SHT 

ST 

STYS 

T6 

Temp. 

TrSAS 


-  Long- transverse, 

-  Longitudinal  yield  strength. 

-  Natural  age  at  room  temperature. 

-  Notched  tensile  strengtli/ tensile  yield  strength, 

-  Products  fabricated  from  atomized  alloy  powder, 

-  Pressure  in  units  of  1000  psi  =  1  ksi, 

-  Rounded  powder  shape  resulting  from  atomizing  with  an 
inert  gas  aspirating  the  molten  metal  and  collecting 
and  conveying  the  powder  in  air. 

-  Process  of  preheating  a  pov/der  compact  in  flowing  nitrogen 
(or  argon)  gas  in  a  recloseable  retort  followed  immediately 
by  removing  the  compact  from  a  retort  at  the  press  for 

hot  pressing  and/or  hot  working, 

-  Stress-corrosion  cracking. 

-  Scanning  Electron  Micrograph, 

-  Solution  heat  treatment. 

-  Short-t7;ansverse. 

-  Short- transverse  yield  strength. 

-  Aged  24  hours  at  250  F. 

-  Temperature  in  ®F. 

-  Tear  strength  (Kahn-tear  test) /tensile  yield  strength. 
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TYS  “  Transverse  yield  strength, 

VAC  -  Process  of  live  vacuum  preheating  a  powder  compact  in  a 

welded  aluminum  can  to  1000  F,  followed  immediately  by 
sealing  the  evacuation  line  to  retain  the  vacuum  and 
hot  pressing  to  essentially  full  density, 

YS  -  Yield  strength. 


